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FOREWORD 

The purpose o f  the 1978 Synthetic Aperture Radar Technology Conference 
i s  t o  ident i fy  key problems i n  the developxnt of ca l i b ra t i on  techniques, 
antenna designs, imaqc simulation and i n t e r p r e t a b i l i t y  methods, data pro- 

cessing algorithms, and system designs. This proceedings i s  the f i r s t  o f  i t s  
kind i n  the SAR f i e l d ;  i t  complements and updates the excel lent  compilation o f  
SAR resource papers on Synthetic Aperture Radar as compiled by John J .  Kovaly 

and published i n  1976 by 4rtech House, Inc. Many o f  the papers i n  th is  volume 
discuss the 5EASAT and SIR-A design approaches, thus emphasizing the move- 
ment of SAR platforms from a i r c r a f t  t o  spacecraft and the concomitant problems 
of increased antenna size, etc. Although the conference i s  unclassif ied, and 
has therefore resulted i n  the exclusion o f  a few c lass i f ied papers, the 
papers included i n  t h i s  proceedings i d e n t i f y  and a r t i c u l a t e  the current s ta te  
o f  SAR technology. 

I wish t o  express my appreciation f o r  the dedicated e f fo r t s  of both the 

authors and the SAR Technology Conference Technical and Proceedings Comnittees 
i n  producing t h i s  proceedings. 

Kei th R. Carver 
Technical Comnittee Chairman 

February 9, 1978 
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SlWlARI 
Calibrat ion of 'dR anterrnas requires a reasurer#rt of gain, elevation and az- 
irrth pattern shape, boresight e m r ,  cross-polarizatian levels, and phase 
vf. sngle and frequency. For spaceborne SAR antennas of SWAT s ize  operating 
a t  C-band or higher, som of these lleasurePntr can bec#e e x t r e P l y  d i f f i c u l t  
using conventional f a r - f i e l d  antenna tes t  ranges. 
niques offer an a l te rna t ive  approach and for C-band or X-band SARs, give 
much i lproved accuracy 214 precision as colpared to t ha t  obtainable w i t h  a 
far - f ie ld  approach. 

Wear-field scanring tech- 

1.0 INTlEOCUCTIOlY 
1.1 RATIONME FOR ANTENNA ULIBRATIOW 
Focused SAR antennas have a two-way synthetic power gain pattern given by 

where N i s  the n d r  o f  elenents i n  the synthetic array, An i s  the processor- 
control led amplitiide weighting factor, 6 = 4tYT/a, V = velocity, VT = distance 
between elements, e i s  the angle from bean center, and 4, i s  the residual un- 
ccmpensated phase er ro r  from the nth element. Gr(e) i s  the two-way pattern 
of the real  aperture. This relat ionship assmes that  the return amplitude of 
a re f l ec to r  i s  essent ia l ly  constant during the integrat ion time NT. Equation 
(1) i s  mnra l i zcd  so that  the synthetic aperture gain i s  equal t o  the rea l  
aperture gain i f  there are no uncompensated phase errors 4n. 

2 

Calibrat ion o f  the real-aperture antenna pattern i s  necessary t o  predict  
image qual i ty  and also t o  determine the minimum detectable 0'. 

bration requires tne measurement of antenna gain, sidelobe levels, 
Such a c a l i -  

11-3-1 



cross-polarization levels, boresisht errors, and f a r - f i e l d  phase behavior. 
For uu~plc, the sigwl-*noise r a t i o  i s  proport iom1 t o  the gain and thus 
thc m n i u  detectable ao i s  directly re la ted  t o  the gain. As another 
e-le, random phase ~ F I D ~  in  the f a r - f i e ld  pattern are equivalent t o  the 
uncaqcrrsated phase errors 4” i n  (1) above; large values of +n cause syn- 
t he t i c  beam brwdening and gain reduction, along w i t h  bear tilt and in- 
creased sidelobe levels. Table 1 i s  a p a r t i a l  l i s t  of m s u r e d  antenna 
e t t e r n  character ist ics and t h e i r  pr inc ipa l  effect on SAR system perforname. 
Specific causeef fec t  re la t i omh ips  are t o  be found i n  the l i t e r a t u r e  on 
UR t.echnoloqy. 

TABLE 1 
SAR ANTEWWA CALIEUUTIOII FACTORS 

Pattern Characteristics 

I 1. Peak gain 
~ 2. Pattern shape ianpl i tude) 

a. range sidelobe level  
b. azimuth sidelobe level  

3. Cross-polarization leve l  

4. Boresight e r ro r  

5. Far- f ie ld phase pattern 
deviat ion frwr spherical 

Effect  on SAR System Perforname 

1. SMR; minirun detectable 0’ 

2. h b i g u i t i e s  
a. range arnbiguity leve l  
b. a z i m t h  alnbiguity leve l  

3. A b i l i t y  t o  cleanly d i f f e r e n t i a t  
0 0 between uhh and uhv 

4. Posi t ion o f  antenna beam re la -  
t i v e  t o  zero Doppler plane; ra t  
o f  change o f  that  pos i t ion  

5. Beam broadening and t i  1 t; gain 
reduction; increased sidelobes 
and anrbiguity leve ls  

This relzt ionship of antenna pattern character ist ics t o  SAR system perfonn- 
mce requires a t ten t ion  t o  accuracy i n  measured antenna gain, sidelobe level ,  
cross-polarization level  and boresight e r ro r  and emphasis on precision i n  
the measurement of phase. 
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1.2 CALI6RATIoW TECHNIQUES FOR SPACEBOWIE SAR ANTENMS 

Large spaceborne SAR antennas pose special ca l i b ra t i on  problems not encount- 
ered w i t h  other antenna systens, p r imar i l y  as a r e s u l t  of increased measure- 
rent accuracy and precis ion required f o r  these e l e c t r i c a l l y  large radiators. 

For exallple, as the SAR frequency i s  increased to C-band, X-band or higher, 

the range length required can increase t o  considerably mre than a mi le  so 
tha t  very few fa r - f i e ld  t e s t  f a c i l i t i e s  qual i fy  for  an adequate tneasument. 
breowr, spaceborne SAR antenna support structures are designed for  deploy- 
gent i n  a 0 G environment so tha t  earth-bound ranges produce handling proh- 
leas inc luding s t a t i c  stresses, wind, etc. 

An a l te rna t ive  t e s t  approach makes use o f  near- f ie ld  planar scanning tech- 
niques and circumvents nearly a l l  o f  the problem encountered w i th  fa r - f i e ld  

ranges. The measurement accuracy for near ly every e l e c t r i c a l  performance 
paraaeter i s  inproved w i th  near- f ie ld  t e s t  techniques and antenna handling 
becomes great ly  simpli f ied. The pr inc ipa l  disadvantage i s  psychological, 
since the method i s  r e l a t i v e l y  new and requires nunerical inversion of the 

raw data t o  produce fa r - f i e ld  patterns. 

2.0 FAR-FIELD TEST TECHNIQUES 

2.1 CANDIDATE FAR-FIELD TEST RANGES 

Typical fa r - f ie ld  antenna tes t  ranges use two towers separated by distances 
ranging from 10 m t o  ZOO0 m; a t ransmi t t ing antenna. usual ly a paraboloidal 
dish, i s  mounted on one tower and i s  used t o  providp an incident quasi-plane 

wave i l l m i n a t i n g  the tes t  antenna which i s  operated i n  the receive mode on 
the other tower. 
weather, although i t  i s  possible t o  cover the tes t  zone w i th  a large t h i n  
i n f l a t e d  rubberized airdome which then protects the tes t  antenna f r o m  environ- 
mental ef fects.  Antenna tes t  engineers of ten use the rule-of-thumb re la t i on  

2 R = 3 0 / A ,  although t h i s  i s  qu i te  a rb i t ra ry ;  t h i s  rule,  which corresponds t o  

a 22.5' quadratic phase taper over the tes t  aperture, i s  inadequate fo r  
pat tern measurements i n  connection wi th  spaceborne SAR antennas. 

The tes t  antenna i s  normally exposed t o  the wind and 

Both the SEASAT and SIR-A antennas are planar arrays approximately 10 m x 

3 m i n  size; Table 2 compares various range separation c r i t e r i a  f o r  a 10 m 
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TABLE 2 

I 

850.00 m 1700.01 m 
(2788' ) (5576' ) 
3333.33 m 6666.71 m 
(2.07 m i )  (4.14 m i )  

6466.67 m i 12,933.41 m 
(8.03 m i )  1 1 (4.02 m i )  

FAR-FIELD RANGE DISTANCES FOR 10 m APERTURE 

~ 

FREQUENCY 

L-band (1.275 GHz) 

C-band (5.000 r;Hz) 

X-band (3.700 GHz) 

RANGE DISTANCE 

2D 2 /Ao  I 4D2/A 
(22.5 ) (11 25') I 80'1 lo 

(5.63 ) 

3400.02 m 
(2.11 m i )  
13,333.41 m 
(8.78 m i )  
25,866.82 m 
(16.07 m i )  

aperture length a t  L-band, C-band, and X-band. 
distances with some ex is t i ng  well-known far - f ie ld  antenna t e s t  ranges; the 
character is t ics  of these ranges are sunnnarized i n  Table 3 and Fig. 1. 

It i s  useful t o  compare these 

TABLE 3 

SOME EXISTING LONG FAR-FIELD TEST RANGES 

Name 

1. PSL, New Mexico 
State Univers i ty  

2. JPL, West Mesa Range 

3. Hughes A i r c r a f t  (10. 
Carbon Canyon Range 

4. Lockheed Santa Cruz 

5. Rome A i r  Development 
Center Range 

Location Range Length Comnent 

Las Cruces, N. M. 

Pasadena, Cal i f. 

Fu l l  er ton , Cal i f. 

Santa Cruz, Cal i f .  

Newport, N. Y. 

732 m 

1007 rti 

1156 m 

1529 m 

2?87 m 

- 
too short  for  

marginal length 
for  phase t e s t  
marginal length 
f o r  phase t e s t  
used f o r  SEASAT-A 
antenna t e s t  ( a i r  
dome protect ion) 
weather can be a 
problem 

SEASAT, SIR-A 

The 1825 Lockheed Santa Cruz range has been used for f a r - f i e l d  amplitude 
pattern tests  o f  the SEASAT L-band SAR antenna, and o f fe rs  protect ion from 

wind and weather by means o f  a large i n f l a t a b l e  airdome which covers the 

11-3-4 
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2 posi t ioner ,  t e s t  antenna, etc. This range i s  s l i g h t l y  longer than 40 / A  a t  

L- band. 

2.2 - REWIRED MEASUREMENT ACCURACY FOR SIR-A ANTENNA 

As an example o f  t y p i c a l  spaceborne SAR antenna performance parameters and 

spec i f ied  me-surement uncer ta in t ies,  consider the 10 m x 3 m SIR-A antenna 

wi th spec i f i ca t ions  as l i s t e d  i n  Table 4 (1). 

TABLE 4 

SIR-A ANTENNA PERFORMANCE SPEC I FICATIONS 

AND MEASUREMENT UNCERTAINTY 

FREQUENCY = 1.27 GHz 

Parameter 

Gain 

Elevat ion Sidelobe Level 

Azimuth Sidelobe Level 

Cross- Pol a r i  za t i on Level 

Azimuth F a r - f i e l d  Phase 

Maximum Total  Boresight Er ro r  

Voltage Amp1 i t u d e  vs. Freq. 
(over 7 MHz bandwidth) 

Voltage Phase Delay vs. Freq. 
(over 7 MHz bandwidth) 

VSWR 

Payload Bay RFI 

Nominal Val ue 

33 dBi 

-14.5 dB 

-14.5 dB 

-25 dB 

*** 

- + 2.0° 

*** 

*** 

1.5 max 

2 v m - l  

2.3 PERFORMANCE C R I T E R I A  FOR - FAR-FIELD RANGES 

Measurement Uncer ta in ty  

- + 0.7 dB 

+ 0.4 dB 

+ 0.4 dB 

unspeci f ied 

- 
- 

3.5' rms over -8 dB 
beami  d t h  

0. l0 

8% rms w . r . t .  best 
1 inear  f i t 

5 rms w . r . t .  best 
quadrat ic f i t  

0 

unspeci f ied 

unspeci f i e d  

From Table 4, the p r i n c i p a l  SAR artenna parameters t o  be measured are (1 )  

gain, (2)  pa t te rn  shape and sidelobe l e v e l ,  ( 3 )  cross-polar ized l e v e l ,  ( 4 )  
boresight, ( 5 )  phase vs. angle over azimuth pa t te rn  t o  - 8 dB, ( 6 )  phase 
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vs. frequency over the bandwidth, and (7)  amplitude vs. frequency over the 

bandwidth. 

2.3.1 GAIN MEASUREMENT ERROR BUDGET: FAR-FIELD TECHNIQUES 

I n  a f a r - f i e l d  gain measurement made by comparison t o  a standard antenna, 

there are n ine p r i n c i p a l  sources o f  e r ro r ;  these are b r i e f l y  discussed here. 

Using ext rapolat ion techniques developed by NBS (Boulder) i t  i s  possible t o  

measure the gain o f  a reference standard horn t o  - + 0.10 dB. 

cussed f u r t h e r  i n  Section 3.3.1. 

Ref lect ions from specular zones on the t e r r a i n  between towers and from 

antenna support s t ructures cause mu1 t i p a t h i n g  and therefore a v a r i a t i o n  o f  

the f i e l d  over the region occupied by the t e s t  SAR antenna. 

maximum t o  minimum f i e l d  i s  R, then the r e f l e c t i v i t y  i s  given by 

A r e f l e c t i v i t y  o f  -39 dB corresponds t o  R = 1.023 o r  a 0.20 dB excursion i n  

i nc iden t  power densi ty  l e v e l s  over the quiet  zone. 

10 m x 3 m qu iet  area, t h i s  + 0.20 dB value can be considered t o  t y p i f y  a 

good f a r - f i e l d  range. 

Cross-polarized i nc iden t  waves r e s u l t i n g  e i t h e r  from the source antenna o r  

from depolarized mul t ipath s ignals can cause e r ro rs  i n  the measured gain. 

Assuming an i n t r i n s i c  range cross-polarized l e v e l  o f  - 35 dB and a t e s t  

SAR antenna cross-polarized leve l  o f  -30 dB ( w i t h  respect t o  beam peak 

p r i n c i  pal-pol a r i  zat ion l e v e l  ) , the equi Val ent  cross-pol a r i  zed component i s  

-65 dB w i t h  respect t o  the beam peak. Using a r e l a t i o n  s i m i l a r  t o  t h a t  i n  

( l ) ,  we can show t h a t  t h i s  produces a gain e r r o r  o f  + 0.01 dB i n  the gain o f  

the p r i  n c i  pal - 1101 a r i  zat i on component. 

4. Roresight inaccuracy 

By examining the slope s e n s i t i v i t y  o f  the azimuth pat tern o f  the S I R - A  

1. Accuracy o f  qain standard 

This i s  d i s -  

2. Rantae r e f l e c t i o n s  

I f  the r a t i o  o f  

F = 20 l o g  ( R  - 1)/(R + 1)  (2) 

A t  L-band, and f o r  a 

- 
3. Cross-polarized re tu rn  e r r o r  

antenna t o  angle, i t  can be shown tha t  an e r r o r  o f  0.1' i n  pos i t i on ing  anqle 

w i l l  cause the pat tern t o  r o l l  o f f  by 3.05 dB a t  L-band. 

5. Detector n o n l i n e a r i t y  

I f  a 17 dBi standard-gain horn i s  used f o r  gain comparison, t h i s  i s  16 dB 
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below the peak gain o f  the SIR-A antenna. 
technique i s  used, non l inear i ty  er rors  can be reduced t o  t 0.05 dB. 

Assuming t h a t  the VSWR i n t o  the antenna o r  i n t o  the detector does not exceed 
1.1, i t  can be shown tha t  the gain e r r o r  due t o  mismatch i s  + 0.049 dB. 

can be reduced i f  the phase ~f the r e f l e c t i o n  coef f i c ien ts  i s  known. 

If an attenuator-compensation 

- 
6. Detector-antenna mismatch 

This - 
7. Short-term i n s t a b i l i t i e s  : + 0.01 dB, estimated 
8. Inadequate receiver-transmi t t e r  separation 

- 

A f i n i t 2  la lg th range produces a quadratic phase taper o f  the i l l umina t ing  
wave w i th  respect t o  plane, and thus causes a reduction i n  apparent gain 

over t h a t  obtained w i th  a t r u l y  plane wave. The reduction i n  gain can be 
estimated by 

where 6 i s  the maximum quadratic phase e r r o r  

For a range length o f  1829 m (e.g., Lockheed 
aperture dimension, t h i s  corresponds t o  a ga 
L-band and 2.115 dB a t  X-band. 

AG = 10 l o g  e -(6/212 

2 
6 = (2n/A)(D /8R) 

(3) 

( 4 )  

given by 

Santa Cruz range) and a 10 m 

n reduction o f  0.036 dB a t  

9. R o l l - o f f  o f  source antenna pat tern 
By an appropriate choice o f  source antenna diameter, t h i s  source o f  e r ro r  
can be reduced t o  less than 0.001 dB; t h i s  d ic ta tes t h a t  a s u f f i c i e n t l y  
small diameter d ish be used and must be balanced w i t h  the addi t ional  require- 

ment tha t  the source antenna beamwidth be large enough t o  keep the range 
r e f l e c t i v i t y  t o  the order o f  -39 dB. 

2.3.2 G A I N  MEASUREMENT ERROR SUMMARY FOR FAR- FIELD TECHN IgUE 
Table 5 sunnnarizes the pr inc ipa l  sources o f  gain e r r o r  and the RSS net er ror .  
2.3.3 CROSS-POLARIZATION LEVEL 

Assuming a -35 dB residual range cross-polar izat ion leve l ,  the e r r o r  i n  

measuring a nominal -30 dB SAR antenna cross-polarization component would be 
( t3.9 dB. -7.2 dB); i f  the nominal antenna cross-polar izat ion leve l  were -20 

dB, the measurement e r r o r  would then decrease t o  t 0.27 dB. 

2.3.4 -- SIrJELOBE LEVEL 

Assuming a range r e f l e c t i v i t y  o f  -39 dB, the er ro r  i n  measurement o f  a f i r s t  

sidelobe leve l  a t  a - 1 5  dB nominal value would be + 1.10 dB. 

- 
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TABLE 5 
ESTIMATES OF ERROR I N  ON-AXIS GAIN USING FAR-FIELD TECHNIQUES 

Source o f  Error Error i n  Gain a t  L-band 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

Accuracy o f  gain standard 
Range re f lec t ions  
Cross-polarized returns 
Boresight inaccuracy 
Detector nonl i neari t y  

Detector- an tenna m i  sma t ch 
Short-term i n s t a b i l i t i e s  
F i n i t e  range-length 
Ro l l -o f f  o f  source pattern 

RSS uncertainty 

t 0.10 dB 
t 0.20 dB - 
+ 0.01 dB - 
- 0.05 dB 
+ 0.05 dB 
+ 0.05 dB 
- 
- 
+ 0.01 dB - - 0.04 dB 

0.00 dB 

+ 0.24 dB 

2.3.5 PHASE VS. ANGLE 
I n  a f a r - f i e l d  range measurement of phase, the t e s t  ante la i s  positioned so 
as t o  ro tate about the apparent phase center. 
mizes the var ia t ion o f  phase vs. angle over the main beam. 
antenna w i th  a f ixed point  phase center, the phase fronts a r e  spherical so 
that  i n  p r inc ip le  there i s  no var ia t ion o f  phase w i th  angle as the antenna 
i s  rotated about the phase center. I n  practice, however, the apparent 

phase center wanders as the look angle i s  changed. 

Errors i n  the phase measurement r e s u l t  from ( I )  an inadequate range separa- 
t i o n  distance (vide - Table 2)  and (2) interference ef fects  caused by range 
ref lect ions.  
o f  1829 m length; f o r  the 10 m dimension o f  SIR-A,  t h i s  f i n i t e  length would 
introduce a quadratic phase taper over the t e s t  aperture wi th  a maximum o f  
10.4' a t  the aperture edges. Assuming a -40 dB range r e f l e c t i v i t y  (equiva- 
l e n t  spurious f i e l d  i s  0.01 times direct-wave f i e l d ) ,  the addi t ional  phase 
e r r o r  incurred i s  ,+ 0.57' maximum on the beam peak. A t  the -8 dB level  on 

the main beam the e f fec t i ve  r e f l e c t i v i t y  i s  -32 dB, and the range r e f l e c t i v i t y  
contr ibut ion t o  the phase e r r o r  increases t o  ,+ 1.44'. Under these conditions, 

the worst-case phase er ro r  over the -8 dB beamwidth i s  therefore ,+ 11.8'. 

This po int  o f  ro ta t ion  mini- 

For an ideal  

Consider, f o r  example, the Lockheed Santa Cruz range (Table 3)  
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This i s  about three times the phase e r r o r  tolerance speci f ied i n  the 

Functional Requirements Document f o r  the SIR-A antenna (Table 4). 
range length ' 
the ground SCJ- -r w i l l  increase and thus w i l l  begin t o  dominate the phase 

e r ro r  budget. 
phase pattern t o  w i th in  3.5' rms e r ro r  f o r  the SIR-A antenna. 

I f  the 

increased i n  order t o  reduce the quadratic phase taper error,  

It appears t h a l  no avai lable f a r - f i e l d  range can measure the 

2.4 SUMARY OF FAR-FIELD RANGE REQUIREMENTS FOR SIR-A 
Table 6 sumnarizes the performance required o f  f a r - f i e l d  ranges i n  order t o  

meet the e r ro r  l i m i t s  discussed Freviously. 
f o r  SIR-A, they may be taken as representative o f  other spaceborne SAR 

A1 though these are s p e c i f i c a l l y  

antenna range ca l i b ra t i on  requirements. 

TABLE 6 

Characterist ic 

FAR-FIELD TEST RANGE REQUIREMENTS FOR SIR-A 

1. Frequency range 
2. Minimum range length 

3. Range r e f l e c t i v i t y  

4. Gain accuracy 
5 .  Boresight accuracy 
6. Mechanical s t a b i l i t y  

Performance Level 

1264 - 1286 MHz 

1800 m 

-39 dB over t e s t  volume 
+0.7 dB (worst case) 

wind below 2 mph 

M.1° 

3.0 PLANAR NEAR-FIELD TEST TECHNIQUES 

3.1 ADVANTAGES OF NEAR-FIELD MEASUREMENTS FOR S IR-A  

Because o f  the special problems posed i n  the ca l i b ra t i on  o f  an e l e c t r i c a l l y  
large SAR antenna, planar near - f ie ld  (PNF) measurement techniques o f f e r  an 
a t t r a c t i v e  a l te rna t ive  t o  conventional f a r - f i e l d  measurements. The required 
accuracies can be achieved i n  a measurement environment tha t  i s  more com- 

pa t ib le  w i th  the large l ightweight antenna designed t o  operate i n  zero 

grav i ty .  
antenna during measurement which can cause d i s t o r t i o n  i n  the antenna 

surface and, therefore, degrade the r e l i a b i l i t y  and accuracy o f  the resul ts.  

It i s  not  subject t o  the e f fec ts  o f  wind, weather, or motion o f  the 
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I n  PNF measurements the antenna under t e s t  (AUT) remains s tat ionary while a 

probe moves over a plane area very close t o  the aperture. Measurements are 

made approximately every h a l f  wavelength i n  both x- and y-direct ions o f  the 
amplitude and phase o f  the signal received by the probe. The resu l t i ng  

matrix o f  data, Bl(x,y) i s  recorded on magnetic tape or disc f o r  fu tu re  

processing. 
AUT during the above measurement, and i n  order t o  obtain complete po la r iza t ion  
resul ts,  a second measurement i s  performed w i th  an independent probe, usually 
the or ig ina l  probe rotated about i t s  ax is  by 90'. The two data arrays Bl(x,y) 

and B2(x,y) are computer processed t o  obtain the angular spectra, correct  fo r  

the d i rec t i ve  and po la r iza t ion  patterns o f  the probe, and ca lcu late the ucual 
f a r - f i e l d  parameters f o r  the AUT. 
ments and data processing, the only  approximations are tha t  mu l t i p le  re f lec -  
t ions between the probe and AUT are smal 1 enough t o  neglect, and the measure- 

ment area i s  truncated t o  a f i n i t e  size. 
possess special pa t te rn lpo la r iza t ion  properties, o r  be reciprocal, and the 

numerical techniques involved do not introduce small angle o r  other approx- 

imations. I n  short, the technique i s  based on a very general and powerful 

theory, and i s  capable o f  producing high accuracy resul ts .  This capab i l i t y  
ha; been demonstrated i n  a number of ways on a la rge  var ie ty  o f  antennas. 

Normally the probe i s  essent ia l l y  po la r iza t ion  matched t o  the 

It should be emphasized tha t  i n  the measure- 

Neither the AUT o r  probe need 

3.2 SPECIAL TECHNIQUES REQUIRED FOR S I R - A  

Because o f  the la rge  dimensions o f  the SIR-.4 antenna, the usual PNF measure- 
ment techniques must be modified s l i g h t l y  i n  order t o  use ex i s t i ng  f a c i l i t i e s .  
I n  general, measurements must be made over an area somewhat la rger  than the 

dimensions of the AUT. The length o f  the scan i n  the x-d i rect ion L,, the 
corresponding antenna dimension ax, and the probe-to-AUT distance D, determine 
the maximum angle for which the computed resu l ts  are r e l i a b l e  through the 

re1 a t ionshi  p 

Lx - ax 6s = arctan 2d 

A s imi la r  r e l a t i o n  holds f o r  the y-d i rect ion.  

a = 3 m, and e s  = 60' requires a scan length o f  approximately 11.4 m by 

4.4 m. The largest  planar scanner presently i n  operation i s  shown i n  F i g .  2 
and has a Ixasurement area o f  3.85 m by 4.5 m. 

Assuming d = 40 cm, a, = 10 m, 

Y 

To accomodate the S I R - A  
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antennas, the measurement must be performed i n  three parts w i th  the antenna 
translated i n  the x-directfon i n  increments o f  3.8 m between each scnn as 
shown i n  Fig. 3. This requires careful  angular and translat ional  indexing 
t o  maintain the SIR-A i n  the same measurement plane af ter  t rans lat ion and 
re-establish the correct  x- and y-positions. Simi lar  realignments have 
been done i n  the past using an opt ica l  autocol l imator f o r  angular ro ta t ion  
sensing, and a laser  interferometer f o r  t rans lat ion measurement, and the 
requirements here do not appear t o  be unreasonable. 

3.3 ESTIMATES OF ERROR I N  RESULTS FROM PNF MEASUREMENTS 
Extensive work has been done t o  study the e f f e c t  o f  errocs i.: t k  measured 
near- f ie ld data upon the calculated resul ts.  This has iflcldae+ - vnparisons 
w i th  other measurement techniques, computer simulation o f  var 'ypes o f  
errors, and mathematical analysis. The mathematical analysis I n most 
general appl icat ion because i t  provides equations i n  terms o f  simple antenna . 

parameters and estimes of e r r o r  i n  the PNF system from which upper bound 
errors may be determined. For instance, the er ro r  i n  dB i n  on-axis gain due 
to maximum probe pos i t ion errors  of Ax, A , and bZ respectively i n  the 
X-. y-, and z-directions i s  given by 

Y 

I n  the above, r~ i s  the antenna aperture ef f ic iency,  x the wavelength, Lx and 
L the antenna dimensions. Simi lar  expressions have been derived f o r  errors 

Y 
i n  sidelobe level ,  monopulse di f ference nu l l ,  bearwidth, boresight direct ion,  
main beam phase, and cross-polarization leve l  i n  terms o f  the above pos i t ion 
errors as well  as errors a r is ing  from receiver nonl inear i ty,  mu1 t i p l e  
ref lect ions, measurement area truncation, probe pattern uncertainty, and 
amp: i tude normal izat ion. 

I n  the fo l lowing estimates, we have used the uncertaint ies associated wi th  
the National Bureau o f  Standards near- f ie ld measurement f a c i l i t y .  The 
maximum probe pos i t ion errors i n  a l l  three direct ions are + 0.013 cm, the 
receiver amplitude error  i s  +0.005 - dB/dB, and the receiver phase er ro r  i s  
f 5 degrees. Mul t ip le  re f lect ions produce a r i p p l e  i n  the measured data o f  
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4 m  

I 
w U W ~ E  ~ T O U .  r 

SIR ANTENNA ON NEAR- FIELD SCANNER, POSITION I 

SCAN AREA (3.85m x 4 . 4 m )  

S I R  ANTENNA ON NEAR- FIELD SCANNER, POSITION 2 

\ m  m n m m n m : m m m  u m m  m m Y u m I m i n m n u u m  mi*+ 

L I 

S I R  ANTENNA ON NEAR-FIELD SCAkNER, POSITION 3 

Figure 3. Schematic o f  SIR antenna in three positions for PNF measurement. 
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4.1 dB. tk 
mmliutior mcutain?y it + - 0.0s dB. It i s  fvrtkr assurd for e s t i l l r t i n g  

tM e f f a t  o f  am8 truncation thrt thc mmsurod w p l i t u d e  a t  the c x t r e r t  o f  
the wan area i s  a t  least 30 dll klar the peak near- f ie ld  w l i t u d e .  

win 4s rccumte bo uithin 0.10 a, and tk u p l i t u d e  - 

RSS uncertainty 

3.3.1 CAlN owr# 81n6FI: EM-FIELD TEClWQurS 
Table 7 below - r i m s  the ct1~cf in *axis gain for both the L-band 
md X-b#d af a 10 rn x 3 S M  planar army. 

+ - 0.17 dB + - 0.17 dB 

sovrcC of  Error Error i n  k i n  i n  dB 
L * d  X-BaAd 

r I 
1. kplitudes nonl inear i ty  
2. probe gain uncertainty 
3. M t i p l e  re f lec t ions  
4. Worrr l izat ion u p l i t u d e  

5. area t runcat ion 
6. Receiver phase 
7. ,-position 

8. x-posit ion 
9. y-posi t ion 

+ 0.12 

+ 0.05 
+ 0.05 

- 
+ 0 0.10 

- 
- 
+ 0 0 . 0 2 .  
+ - 0.01 
< 0.001 
< 0.001 
< 0.001 

+ 0.12 
+ 0.10 
+ 0.05 
+ 0.05 
+ 0.003 
+ 0.02 
< 0.001 

< 0.001 
0.001 

- 
- 
- 
- 
- 
- 

3.3.2 CROSS POLARIZATION UNCERTAIYTIES 

A l l  o f  the above sources o f  e r ro r  cont r ibute to the e r ro r  i n  cross po la r i ra -  

t i o n  w i t h  the exception o f  the probe gain. The absolute gain o f  the probe 
does not enter i n t o  the po la r iza t ion  calculat ion, but the probe polar izat ion 
does i n  much the same my tha t  the polar izat ion of the source antenna enters 

i n t o  fa r - f i e ld  laeasureamts. Usually the polar izat ion of the probe i s  
measured along w i th  i t s  gain i n  il generalized 3-antenna measurement t o  an 
uncertainty o f  approximately + 0.05 d 
o f  a l l  sources of e r ro r  i s  tha t  the cross po lar t ra t '  - o f  t t e  AUT i s  uncertain 

er dB o f  ax ia l  r a t i o .  The net e f f e c t  
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to + - 1.1. + - 3.3, and + - 10.2 8 fw cmss cqmnent levels o f  -20. -30 a d  

stcklok regiom. 
-10 a bel# tAa r i n  carponcnt. These values we for botb an-utis a d  

3.3.3 
tr! th is case, i t  i s  t)# prok win end normalization rrplitude uncertaint ies 
w)llch do not  e f fect  sidelobe levels, but a knouledge o f  the nlr t iw pmbe 
plitkm i s  iwr tan t  as i t  enters into the prok correction o f  the measured 
clrta. Mhen a l l  sounes of errOr are consideml, the uncertaint ies i n  side- 
labe pattern levels arc, nspcctivcty, + I 0.6, + - 1.2, ani + - 2.7 dB f o r  -20, 
-30. and -40 dB tidtlabes. 

3.3.4 
In the mathapt ica l  e m r  analysis, the r e l a t i v e  c h a m  i n  the m l i t u d e  o f  

the far - f ie ld  &/E has been coquWl for various sources o f  e m r  in  the 
measured near-f ield data. I f  AE i s  i n  phase d t h  E, the amplitude change w i l l  
be a maxi-, whi le if AE i s  90' out o f  phase wit& E, the e f f e c t  will be t o  
a l t e r  the phase o f  the c r t e d  far-f ield. E m r s  i n  fa r - f i e ld  phase ray, 
therefore, be obtained frrr the arp l i tude e r ro r  equations by 

AE 180 A€ A* = arctan 7 = - - r r E  (7) 

Using t h i s  r o d i f i c a t i o n  in  the er ro r  equations, one f inds tha t  the nost 
serious er ro rs  are due to receiver amplitude and phase nonl inear i ty  and t o  a 
lesser extent, mu l t i p le  re f lec t ions  and z-posi t ion errors. The net e f f e c t  i s  
to produce an er ro r  i n  the phase a t  the -6 d6 leve l  on the main beam o f  about 

4 degrees. 

3.3.5 PHASE AND AHPLITUDE VERSUS FREQUENCf 
This requirement i np l i es  a swept-frequency measurement o f  the antenna response 
i n  the on-axis or maxitmnn gain d i rec t i on  and i s  one measurement where near- 
f i e l d  techniques are more d i f f i c u l t  than f a r - f i e l d  measurements. Near- f ie ld 
measurements are by nature f i xed  frequency measurements, and swept-frequency 

resu l ts  must be obtained fm a series of near- f ie ld measurements made a t  
c losely  spaced frequencies. These measurements can be accomplished during 
one physical scan i f  the source and receiver are stepped through the 
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frequencies as the probe mv?s between data points. 

4.0 COWAUIUWI OF FAR-FIELD A#) =-FIELD MEASUREMENT UIXERTAINTIES 

Table 8 -res the uncertaint ies obtained through f a r - f i e l d  and near- f ie ld  
approaches to  a Ileasurement o f  an L-band SAR antenna which i s  10 R x 3 m i n  
area. A far - f ie ld  range r e f l e c t i v i t y  o f  -39 dB over the qu ie t  zone i s  assumed. 

TABLE 8 

COIIpARIm OF FAR-FIELD AWD WEAR-FIELD )EAsUR€KNl UNCERTAINTIES 

P a r m t e r  Uncerta Snty 
Far-f i el d Near-f ie ld 

1. Gain 

2. Sidelobe Level (-15 dB) 
(-20 
(-30 a 
(-30 a) 

3. Cross-polarization l eve l  

4. Phase vs. angle over -6 dB 
beanwidth 

5. Phase/anplitude vs. freq. 

+ 0.24 d6 

+ 1.10 dB 
+1.% ds 
+ 6.44 ds 

+ 3.9 dB - 7.2 d0 

- 
- 
- 
- 

+ - 11° 

? 

+ - 0.17 cB 

+ 0.60 d5 - 
+ - 1.20 d6 

+ 0.15 dB - 
+ - 4O 

? 

It i s  seen from t h i s  tab le  tha t  the near- f ie ld  measurement i s  general ly 
superior from an e l e c t r i c a l  parameter measurement uncertainty viewpoint. 
Also, i t  should be emphasized tha t  the handling o f  large SAR antennas 

designed f o r  zero grav i ty  environments i s  great ly  s imp l i f ied  w i th  the 
near- f ie ld  approach. 

5.0 REFERENCE 
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A SIGNIFICANT P O S T - W C H  CALIBRA'TION 
EXPERI)(ENT FOR THE SEASAT-A SAR 

ROBERTC. BEAL 
APPLIE3 FHYSIG LABORATORY 
THE JOkNS HOPKINS UNIVERSITY 

LAUREL, W Y L A N D  20810 

This paper ou t l ines  a technique €or - e r i o d i c a l l y  monitoring the  impulse 

response function of the  Seasat-A Synthetic Aperture Radar (SAR) .  

nique w i l l  d i r e c t l y  y i e l d  most of t he  s i g n i f i c a n t  contr ibutors  to  the  ove ra l l  

i x t r t p r e n t  transfer function, and i n  addi t ion w i l l  y i e l d  severa l  diagnost ic  
s i b  benefi ts .  

system at  L-band with a s t rong point source scatterer o f  radar  cross sec t ion  

-10 m , receiving via the  normal S-band analog data l ink ,  and f i n a l l y  

sampling and processing only a small subset o f  da ta  i n  the immediate v i c i n i t y  

of the  s t rong poin t  source. 

me tech- 

The e s s e n t i a l  measurerent involves exc i t ing  t h e  total SAR 

7 2  

Depending upon the  d e t a i l s  of t he  data  handling, a nirnber of key system 
parameters can be extracted:  

(1) Resolution of  t he  entire system, or of the  system devoid of  op t i ca l  

processor contamination, as obtained by the  e f f ec t ive  width of  t he  

point  source response. 

(2) Optimum phase and amplitude compensation f o r  minimizing e i t h e r  t he  

width of t he  impulse response o r  t he  sidelobe energy. 

(3) Real aper ture  antenna pa t t e rn ,  by co l lec t ing  several  successive 
passes of data ,  and employing range compression. Such information 

might be e s sen t i a l  f o r  post-launch ana lys i s  of the ac tua l  antenna 

deployment and f o r  an evaluation of the sources of  image cont ras t  

degradation r e su l t i ng  from excessive sidelobe energy. 
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(4) Long term radiometric ca l ib ra t ion ,  relative and perhaps zi'>solute, 

by using t h e  s t a b l e  S-band p i l o t  tone i n  the  data l i n k  as a refer- 
ence throughout t h e  l i f e  of t he  experiment. 

(5) Absolute geometric ca l ib ra t ion ,  by comparing the  actual measured 

range and azimuth pos i t ion  of the  strong s c a t t e r e r  with pred ic ted  

loca t ion  using Seasat Project-generated instrument p red ic t s ,  again 

throughout t he  l i f e  of the  mission. 
d s sen t i a l  for charac te r iz ing  and removing pos i t i ona l  biases.  

Such information might be 

(6 )  Data l i n k  contamination, by loca t ing  the  s t rong  s c a t t e r e r  i n  a 
region of overlapping s t a t i o n  coverage, and comparing the  q u a l i t y  

of t h e  impulse response at low s t a t i o n  e leva t ion  angles. 

1.0 "AlE CONCEPT OF AN IDEAL ACTIVE RADIOMETER 

1.1 PERSPECTIVE 

Even though p r a c t i c a l  microwave syn the t i c  aper tures  have ex i s t ed  f o r  about 

twenty years ,  oiir a b i l i t y  t o  e x t r a c t  quan t i t a t ive ,  s c i e n t i f i c a l l y  useful 
information has been subs t an t i a l ly  lagging. Perhaps p a r t  of  t h i s  l ag  is 

understandable. 

sance nature,  and were successful merely because o f  t h e  a b i l i t y  of the  tech- 

nique t o  p i e rce  cloudcover and darkness. As more sophis t ica ted  appl ica t ions  

are sought, however, such a s  t h e  space-borne measurements of ocean wave 
spec t ra ,  ice thickness and s t ruc tu re ,  s o i l  moisture, and vegetation c!assi- 

f i c a t i o n ,  i t  becomes imperative t h a t  we expand our understanding of t he  

t o t a l  instrument t r a n s f e r  function, t h a t  is, the  e f f e c t  o f  the  t o t a l  i n s t ru -  

ment on the  quant i ty  t o  be measured. The Seasat-A S.4R can provide t h e  i dea l  

opportunity from which t o  gain t h i s  understanding. 

Many of the ea r ly  appl ica t ions  of SAR were of  a reconnias- 

1 .2  AN IDEAL SYSTEM DEFINITION 
The Seasat-A SAR, from a radar measurement (as opposed t o  appl ica t ions)  

po in t  o f  view, has a purpose which is  simply s t a t e d :  

absolute radar backscatte..  map of ce r t a in  areas of the  e a r t h ' s  sur face  a t  an 

incidence angle of 20 degrees, wavelength of 23 cm, s p a t i a l  reso lu t ion  of  
25 m, and radiometric reso lu t ion  of 3 dB. 
i t  would y i e l d  an image of a backscatter map uniquely r e l a t ed  t o  the  ac tua l  

i t  should produce an 

If thc  instrument were "perfect", 
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surface d i s t r ibu t ion  of the  radar backscat ter  a t  a known i n s t a n t  i n  t i m e .  
In t h i s  pe r f ec t  system, not only is the  mapping function unique, it is a l so  

known. As a re su i t ,  t he  image is e r ro r - f r ee  i n  pos i t ion ,  magnitude, and 

time for any value 02 backscatter.  Such a system, of course, cannot exist. 

1.3 BASIC IMAGE DESCRIPTORS 
There are l i t e r a l l y  dozens of significant contamination sources i n  a real 
system which prevent perfect ion.  

i n  a r e l a t i v e l y  small number of  ways i n  the  output imagery. 

poss ib le  to  specify and descr ibe the  measurement system with a r e l a t i v e l y  

small number of bas ic  image descr iptors .  The following set i s  offered as 
being more or  less complete and orthogonal. 

These sources manifest themselves, however, 

I t  i s  therefore  

Spat ia l  resolut ion,  o r  t he  s p a t i a l  width of t he  ha l f  i n t ens i ty  points  

resu l t ing  from an idea l  impulse exc i ta t ion .  

venient,  does n c t  account for s idelobe s t r u c t u r e  which a l so  affects the 

a b i l i t y  of t h e  system t o  discr iminate  between c lose ly  spaced ta rge ts .  

This de f in i t i on ,  although con- 

Radiometric resolut ion,  or the " just-detectable  difference" i n  input back- 

s c a t t e r ,  u , sometimes r e fe r r ed  t o  as "noise equivalent Au ff.  For any real 

system, radiometric resolut ion can always be traded against  s p a t i a l  resolu- 
t i on  by varying e i t h e r  the  detectiorr o r  the processing bandwidth. 

0 0 

Dynamic range, or t he  range of  absolute inpat  backscat ter  values which pro- 

duce output changes. Usually only a small f r ac t ion  of  the t o t a l  dynamic 

range is l i nea r ,  and SAR systems with instantaneous dymmic ranges i n  excess 

of 20 dB are rare. 

Radiometric accuracy, o r  the  probable error i n  mapping a point  i n  the output 

image back i n t o  an absolute value of backscatter.  
standard i s  necessary. 

Reference t o  an abso!ute 

Geometric accuracy, o r  the probable e r r o r  i n  mapping a point  i n  the output 

image back t o  an absolute p o s i t i m .  

Temporal invariance,  or the  extent  t o  which a l l  of the above descr iptors  

remain invar ian t  with time . 
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I t  i s  poss ib le  t o  express o t h e r  comnon descr ip tors  such as "signal-to-noise 

ra t io"  and "contrastt1 as var ia t ions  of these  s i x  bas i c  descr iptors .  

to-noise r a t i o  ( fo r  a p a r t i c u l a r  input,  a ) f o r  example, is a funct ion o f  

both the  "noise-equivalent u I' a t  the  lower end of t he  absolute dynamic 

range, and the  noise equivalent Au . Similar ly ,  "contrast" can be r e l a t e d  

t o  both s p a t i a l  resolut ion and instantaneous dynamic range. To first order ,  
then, modifications of the  above s i x  descr ip tors  can be defended as contain- 

ing  the  necessary and s u f f i c i e n t  information f o r  a complete image qua l i ty  

descr ipt ion.  

Signal-  

0 

0 

0 

2.0 SOME POSSIBLE CONTAMINATION SOURCES IN SWAT-A 

As mentioned above, there  are several  po ten t i a l  contamination sources i n  the  

Seasat-A SAR which w i l l  determine the  f ina l  image qua l i ty .  
sources are predictable  and measurable with s u f f i c i e n t  pre-launch t e s t ing .  

Others can only be an t ic ipa ted ,  and require  a prec ise ly  cont ro l led  set of 
post-launch measurements f o r  t h e i r  determination. 

cant po ten t i a l  sources of contamination are discussed here.  

Some of  these 

Some of  the more s i g n i f i -  

2.1 RANGE AND AZIMUTH RESOLUTION 

In the Seasat-A SAR, range resolut ion i s  fundamentally l imited by a combina- 
t i on  o f  geometry and bandwidth i n  the  f ron t  end of  the sensor.  

t he  information m u s t  be preserved with adequate bandwidth while preventing 

the  introduct ion of  addi t ional  noise.  A resolut ion ca lcu la t ion  : r t he  

Seasat-A SAR based only on front-end parameters y ie lds  about 20 m a t  the  

near-range point .  

the  system, the  25 m spec i f ica t ion  w i l l  be s a t i s f i e d .  

s o r ,  however, s ign i f i can t  sources of degradation can e a s i l y  occur. 

Similar ly  , e i t h e r  shor t  term o s c i l l a t o r  i n s t a b i l i t i e s  o r  an improperly 

deployed antenna can cause azimuth cor re la t ion  d i f f i c u l t i e s  with r e su l t i ng  

resolut ion and cont ras t  degradation. 

From then on, 

I f  no s ign i f i can t  degradation occurs i n  the  remainder of 

In the  op t i ca l  proces- 

2.2 RADIOMETRIC RESOLUTION 

The leas t -de tec tab le  difference i n  uo fo r  a SAR is  ch ief ly  a by-product of  
i t s  coherent radiat ion source. 

noise yielding a variance i n  output power proportional t o  i t s  mean. This 
contamination source r e su l t s  i n  a variance of 6 dB for a s ing le  sainple of 

Rayleigh sca t t e r ing  produces mul t ip l ica t ive  

dimension one resolut ion element. For t h e  Seasat-A parameters, spatial  
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in tegra t ion  i n  azimuth by a f a c t o r  of four can r e s u l t  i n  a f a c t o r  of two 
increase i n  radiometric resolut ion,  to  3 dB, i f  the  four  samples (or "looks") 
art? s t a t i s t i c a l l y  independent. 

increase the  radiometric resolut ion.  Normally the  Rayleigh-produced var i -  
ance i s  a s u f f i c i e n t l y  large contamination source t h a t  it alone determines 

the  radiometric reso lu t ion ,  except a t  low s c a t t e r i n g  values where o the r  

sources,  such as thermal noise ,  begin t o  predominate. 

a SAR system having a l i n e a r  operat ing range of 20 dB, with only four  inde- 

pendent samples pe r  reso lu t ion  element (very close t o  t h e  Seasat-A SAR s i t u -  

a t ion ) .  

seven "grey scales", o r  values of input backscat ter .  

t r a t e s  t he  challenge of  SAFt remote sensing, when compared with more common 

v i s i b l e  remote sensors, typ ica l ly  having a radiometric resolut ion of twenty 
t o  one hundred grey scales. 

Spa t i a l  in tegra t ion  beyond 25 m can f u r t h e r  

Consider, f o r  example, 

Such a system could resolve with respectable  confidence only about 

This example i l l u s -  

2.3 DYNAMIC RANGE 
There are a t  least three  separa te  and d i s t i n c t  values of dynamic range f o r  

most SAR systems. For extended sources,  the lower end of t h e  dynamic range 

i s  l imited by thermal noise.  For the  Seasat-A SARD t h i s  equivalent thermal 

noise  corresponds t o  an area-normalized s c a t t e r t n y  coe f f i c i en t ,  u of 

approximately -27 dB i n  the  highest  rece iver  gain se t t i ng .  Conversely, the 

upper end of  the extended source dynamic range i s  usual ly  l imited by satur- 
a t ion  leve ls  i n  e l ec t ron ic  components. In Seasat ,  t h e  data  l i n k  s a tu ra t ion  

limits the  extended source dynamic range t o  -20 dB. The instantaneous 

dynamic range of the  system, however, i s  much less, and is determined by the 

amount of energy which s p i l l s  over from i t s  intended pos i t ion  i n t o  adjacent  

elements. 

amplitude noise preventing optimum corre la t ion .  In Seasat ,  t he  instantane- 

ous dynamic range w i l l  probably be about 10 dB, unless these random contami- 
nat ion sources a r e  much s t ronger  than expected. 

0' 

The most common cause of  t h i s  contamination is  random phase and 

Final ly ,  there  is a poin t  source dynamic range. 

expansion ( to  reduce peak power) and doppler discr iminat ion ( to  accomplish 

aperture  synthesis)  e f f ec t ive ly  spread the energy from the point  source over 

many equivalent resolut ion elements u n t i l ,  i n  the  ac t  of processing, matched 
f i l t e r i n g  compresses the energy close t o  its o r ig ina l  s p a t i a l  ex ten t .  The 

Radars which use pulse  
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Seasat-A SAR expands the  range energy by a factor of  600, and the  azimuth 

energy by a factor of 160 (when processing t o  25 m reso lu t ion) ,  f o r  a t o t a l  

energy dispersion of 10 . This energy dispersion qua l i t y  o f  the  SAR allows 

poin t  sources of  extremely l a rge  backscat ter  r e l a t i v e  t o  the average t o  pass 

through the  system unaffected. The dynamic range f o r  point  sources,  there-  

fore, is typica l ly  much l a r g e r  than t h a t  for  extended sources, 50 dB l a rge r  

for the  Seasat-A SAR. 

5 

2.4 RADIOMETRIC ACCURACY 

As mentioned b r i e f l y  a t  the  beginning of t h i s  paper, imaging radar  w i l l  not 
y i e l d  i ts  f u l l  s c i e n t i f i c  po ten t i a l  u n t i l  it can provide a ca l ibra ted  map of 

radar backscatter.  

least three  separa te  contamination sources w i l l  act t o  impede absolute 

ca l ibra t ion :  

Moreover, within a s ing le  pass o f  the Seasat-A SARD a t  

the  a b i l i t y  t o  r e f e x n c e  points  i n  the  image t o  an absolute 

standard,  

small scale loca l  e r r o r s  caused by, f o r  example, s t rong sources 

contaminating adjacent  regions containing weak sources 

large sca l e  systematic but unknown var ia t ions  i n  the  system 

transfer function, caused by, f o r  example, antenna pa t t e rn  
uncer ta in t ies .  

In  addi t ion t o  these three ,  the absolute measurement w i l l  be fo i l ed  by t h e  

Rayleigh sca t t e r ing  discussed i n  2 . 2  and by temporal var ia t ions  t o  be dis-  

cussed i n  2 .6 .  

above contamination sources were ava i lab le ,  an extremely sophis t ica ted  and 

non-linear algorithm would be required t o  map output amplitude back t o  input 

backscat ter  coef f ic ien t .  In general ,  a l l  but ;? f r ac t ion  of the knowledge 
necessary t o  c rea te  t h i s  algorithm is lacking. In Seasat-A, f o r  example, 

the  SAR antenna pa t t e rn  i s  s u f f i c i e n t l y  sharp t h a t  a spacecraf t  r o l l  of one 

degree can r e s u l t  i n  a change of severa l  dB i n  system gain a t  a p a r t i c u l a r  

range. In addi t ion,  the  backscat ter  function i t s e l f  ( fo r  a homogeneous 

p a r t i a l l y  specular t a rge t )  i s  varying rapidly with angle ,  espec ia l ly  a t  

angles near nadir .  

Unfortunately, even i f  complete knowledge of each of the 

Consequently, even f o r  a t t i t u d e  control  systems accurate 
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t o  0.3 degrees, the  s teeply  varying antenna pa t t e rn  combined with the  

i n i t i a l  uncertainty i n  the  measurement of t h a t  pa t t e rn  can result i n  e r r o r s  

o f  several  dB. 

In spi te  o f  these inherent ly  d i f f i c u l t  problems, however, a number o f  major 

error sources can be reduced o r  even eliminated by formulating a proper C a l i -  

brat ion philosophy. 

2.5 GEOMETRIC ACCURACY 

Every imaging system forms its image with a unique perspective.  If the  map- 

ping from objec t  t o  image i s  one-to-one, with a known mapping function, then 

no information is l o s t ,  and it might be s a i d  t h a t  t he  geometry i s  absolutely 

accurate.  

measurements o f  time delay and doppler frequency, from which geocentr ic  l a t i -  
tude and longitude m u s t  be infer red .  

therefore ,  m u s t  be centered about the  a b i l i t y  t o  make t h i s  inference.  

The syn the t i c  aper ture  radar  a l so  has its own perspect ive,  making 

Any discussion of  geometric accuracy, 

Assume a spacecraf t  i n  a pe r fec t ly  c i r c u l a r  o r b i t  around a pe r fec t ly  homo- 

geneous s t a t iona ry  spherical  Earth. 
are therefore  constant.  

spacecraf t  are knowr?, so t h a t  i ts pos i t ion  i n  terms of geocentr ic  coordinates 

is a known function of time. 
SAR parameters and geocentric coordinates i s  t r i v i a l .  

time delay is uniquely r e l a t ed  t o  range from t h e  spacecraf t .  

p a r t i c u l a r  time delay defines a sphere of urrique radius centered on the 

spacecraf t .  

unique angle with respect t o  the spacecraf t  ve loc i ty  vector ,  t h e  locus of 

which is  a cone. 
measured by the  radar ,  therefore  , can be visual ized as concentric famil ies  

of spheres and cones c e n t e r 4  on the spacecraf t .  

spheres and cones with the  spherical  ea r th  result i n  a corresponding family 

of c i r c l e s  and hyperbolae, and allow a unique mapping from "range-doppler" 
space t o  geocentric coordinates. In p a r t i c u l a r ,  i f  processing i s  performed 

about "zero-doppler", i . e . ,  the  pos i t ion  o f  a point  i s  defined by t h e  time 

a t  which it  has no rad ia l  veloci ty  component, then the  only concern need be 

The spacecraf t  veloci ty  and a l t i t u d e  

Final ly ,  assume t h a t  the  o r b i t a l  parameters of the 

In t h i s  i dea l  s i t u a t i o n ,  the mappitig between 

bor vacuum, the radar  
Therefore , a 

Similar ly ,  a p a r t i c u l a r  doppler frequency s h i f t  defines a 

The f u l l  universe o f  range and doppler frequencies 

The in t e r sec t ions  of these 
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with t h e  in te rsec t ion  of  circles with a plane normal t o  the  ve loc i ty  vector  

(the degenerate form of the  hyperbola). 

In r e a l i t y ,  the spacecraf t  i s  i n  a non-circular o r b i t ,  and the  ea r th  is 
ne i the r  s ta t ionary  nor  spher ica l .  

change of a l t i t u d e  and a zero-rioppler plane which no longer passes through 

the  sub - sa t e l l i t e  point .  In  Seasat-A, f o r  example, a l-m/s a l t i t u d e  rate 
produces near ly  a 100-m s h i f t  i n  the  zero-doppler plane a t  the  surface of 

t he  ear th .  
rates of  0.25 m/s t o  l i m i t  geometric e r ro r s  caused by t h i s  source t o  25 m. 

A non-circular o r b i t  implies a rate of 

I t  is, therefore ,  necessary t o  know and cor rec t  f o r  a l t i t u d e  

"he ro t a t ing  ear th  produces an angular o f f s e t  t o  the zero-doppler plane of 

about four  degrees a t  t he  equator,  s inusoida l ly  decreasing t o  zero as a 
function of  l a t i t ude .  

t h i s  ro t a t ion  amounts t o  a l a t e r a l  s h i f t  o f  about 150 m. 
For Seasat-A geometry, a t  twenty degrees from nadi r ,  

The non-spherical ea r th  d i s t o r t s  the  family of range and doppler curves 

according t o  the loca l  f i gu re  and t e r r a i n  (or  t i d a l )  p roper t ies .  

t h i s  e r r o r  can bc eliminated by using the proper ear th  model. 

var ia t ions ,  however, are generally unknown a p r i o r i ,  and w i l l  introduce 

s ign i f i can t  dispiacements. 
surface of the  corresponding ea r th  model w i l l ,  i n  the Seasat-A geometry, be 

apparently displaced by 3 km. 

Much of 

Local t e r r a i n  

A mountain whose peak i s  1 km higher than the  

In addi t ion t o  these d i s to r t ions  caused by the  geometry, addi t iona l  e r r o r s  

r e s u l t  i n  the  'deduction of range from time delay unless electronic-system 

delays a r e  ca l ibra ted  frequently.  In Seasat-A, t h i s  problem i s  compounded 

by the  f a c t  t h a t  t he  system time delay is  a s t rong function of  temperature, 

which i n  i t se l f  is varying a t  near ly  a constant r a t e  throughout a typ ica l  

pass. 

In summary, a number of s ign i f i can t  e-ror sources w i l l  dr ive the system 

geometric-location accuracy on Seasat-A t o  a t  l e a s t  100 m, and, more l i ke ly ,  

several  hundred meters. 

what extent  post-  launch ca l ibra t ion  can remove systematic contamination 

sources. 

The f i n a l  performance w i l l  depend largely on t o  
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2.6 TEMPORAL INVARIANCE 

For a meaningful ca l ibra t ion ,  each of t he  above image qua l i ty  descr iptors  

m u s t  be e i t h e r  invariant  with time o r  a known function o f  time. 
the spacecraf t  environment i s  r e l a t i v e l y  benign, and one might expect few 
problems i n  t h i s  regard. 
be 1 a r t i c u l a r l y  succept iblc .  Short term temperature var ia t ions  (within a 
pass) can a f f e c t  radiometric accuracy (v ia  e lectron;  gain changes j and 

geometric accuracy (via  e l ec t ron ic  time delay changes). Att i tude and a l t i -  

tude d r i f t s  and uncer ta in t ies  can s imi l a r ly  r e s u l t  i n  radiometric and 

geometric e r ro r s .  
with proper ground t e s t ing ,  but post-launch ca l ib ra t ion  w i l l  be essential t o  

determine the time variance of t h e  t o t a l  t r ans fe r  function a s  well as the  

sctuz’. i n -o rb i t  antenna pa t te rn .  

In general ,  

There a re ,  however, two areas i n  which the  SAR may 

A good f r ac t ion  of t h i s  contamination can be e l in ina t ed  

3.0 X COMPRiIlENSIVE POST-LAWClI CALIBRATION TECHNIQUE 

3.1 RATIONALE AND CONCEPTUAL DESCRIPTION 

In view of a l l  the  poten t ia l  sources of contamination i n  the Seasat-A SAR, 

periodic  post- launch ca l ib ra t ion  of  the system t r a n s f e r  function is c l ea r ly  
imperative 

impulse response function is  a very powerful and near ly  complete descr ip tor .  

Fortunately, because the system is l i n e a r  t o  f i r s t  order ,  i t s  

This sect ion out l ines  a technique f o r  per iodica l ly  monitoring the impulse 

response function of the Seasat-!. SAR. The technique w i l l  d i r e c t l y  y i e l d  

quant i ta t ive  measures of each of the s i x  bas ic  image qua l i ty  descr iptors  

discussed i n  Section 2.0. 

experiment s t ra tegy  o r  t h e  data  analysis w i l l  allow the monitoring of 

In addi t ion,  simple modifications of  e i t h c r  tne 

(1) possible  rcsolut ion degradation resu l t ing  from the use of an 
op t i ca l  processor,  

( 2 )  +he optimum phase and amplitude compensation functions f o r  range 

correlat ion 

(3) the r;al aper ture  antenna pa t te rn ,  and 

(4 )  contamination e f f e c t s  of  the data  l i n k  versus e levat ion angle.  



Ffgure 1 is a schematic representation of a l l  of the major coaponents of t h e  

SCMsat-A SAB system in the proposed ca l ib ra t ion  mode, The information flow 

as well as the majority of t he  actus1 hardware is i den t i ca l  t o  t ha t  planned 

fer a typical SAR receiving station. 
charac te r i s t ics . )  Note t h e  following s ign i f i can t  deviations,  however: 

(See reference [l] f o r  de t a i l ed  system 

the  receiving antenna is serving an addi t ional  function o f  a c a l i -  
brated,  constant amplitude, geometrically f ixed  poin t  source 

reference, 

the  demodulated video output is immediately range compressed and 

equalized, and only a small f r ac t ion  of  the  inherent data  is d ig i -  

t i z e d  and buffered at an e;si!;r manageable da t a  r a t e  f o r  only 

about two seconds, and 

azimuth cokpression is accamplished v ia  computer by using the  

ac tua l  phase and amplitude h i s to ry  o f  the  poin t  source,  r a the r  
than relying cn supplementary pos i t ion  and a t t i t u d e  informati*jn. 

3.2 DESCRIPTION OF THE SYSTEM 

Any large t racking antenna equipped with a widzcand (1 GHz t o  3 GHz) feed 
s t ruc tu re  would be su i t ab le  f o r  use simultaneously as both the s twrig pojnt  

source and the da ta  l i nk  receiving aperture.  For example, : ,  * the  

feed o f  a 20 meter diameter antenna se l ec t ive ly  a t  1.275 Cliz  CSeasat-w %!I 

operating frequency), a point  source r e f l e c t o r  can be created o f  cross- 
section [2] 

o n -  4rA2 ,,2 

A 2  

where 
2 u = radar  cross sec t ion ,  m 

A t antenna aperture  = (n/4)(20) m 
A a radar  operating wavelength = 0.23 m 
rl antenna ef f ic iency  = 0.5 

2 2  

k. 

6 2  Subst i tut ing,  u = 6 x 10 m along the axis  of the  antenna. 
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This extremely br ight  t a rge t  should still  be s l i g h t l y  below saturation for 
the  Seasat-A SAR. The expected minimum detectable  cross-section is  appraxi- 

mately 2 m for the SAR i n  its highest  receiver  gain s e t t i n g  (i.e., siten the 

noise  is front-end l imited).  

azimuth compression o f  160, and a l i n e a r  dynamic range (for extended t a rge t s  

pr ior  to  coapression) of 20 dB, the  sys ten  should saturate f o r  poin t  sources 

of approximately 2 x 10 I . 

2 

Assuring a range compression of 600, an 

7 2  

A par t i cu la r ly  in t r igu ing  idea for prec ise ly  ad jus t ing  the  amplitude of t he  

point source involves the simple subs t i t u t ion  of a ca l ibra ted  a t tenuator  f o r  

t he  sho r t  a t  1.275 Gtfz. The total dynamic range possible  (i.e., ratio of  

won** t o  "off' . s-t tering .. cross-section) is  unclear, but depends la rge ly  upon 

*,wr#ectibn o f  t he  feed assembly. 
swi tch in i  t he  scatterer "off" f o r  alternate looks  (every 0.5 second) during 

t h e  two second .SIR in tegra t ion  time would provide an e f fec t ive  method of 
reducing background emanating f r o m  sources such as buildings and t r e e s ,  by 

differencing sequent ia l  single-look images. 

I t  is possible ,  however, t h a t  

By shor t ing  or  at tenuat ing the  tracking antenna feed se l ec t ive ly  only at 
1.275 GHz, the  antenna can simultaneously be used as a receiver  f o r  the  

S-band analog data.  Thus, al l  the  normal data  l ink  hardware i s  u t i l i z e d  

through the  demodulator. 

lowed by lpodifications t o  ex i s t ing  hardware i n  order  t o  contain t h e  da t a  

rate a** total  data pe r  pass to only a very small f r ac t ion  of t h a t  obtained 

i n  the  ac tua l  system. 

sure ly  confined t o  an area of -1 km about t he  point  source,  t h e  information 

rate can be held t o  only about 1% of  tha t  inherent at t h e  instrument output 

by performing range compression, and then s b p l i n g  only i n  the  immediate 

v i c i n i t y  o f  the  ,-oint source. The complete azimuth phase h is tory  of t h e  
1 km region w i l l  require  only about 1.6 M b i t s  of storage.  

cessing t o  only 25 m is desired,  the  t o t a l  s torage requirement is a f a c t o r  

of four  I '5s. 

The output of the  demodulator, however, is  fo l -  

Since the  t o t a l  information of i n t e r e s t  is almost 
2 

2 I f  azimuth pro- 

The only remaining step required t o  produce the two-dimensional point  spread 

function is  a cross-correlat ion i n  azimuth. For t h e  l i m i t e d  data  s e t  

described above, an a t t r a c t i v e  a l t e rna t ive  procedure which el iminates  t h e  
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dependence on supplementary position arid a t t i t u d e  information involves a 

siqle autocorrelation of t he  s t rong point  source phase h is tory .  

3.3 !3lME FINAL CONSIDERATIONS 
The power of t he  ippulse respmse  function t o  t o t a l l y  describe the  SAR 

system is a direct r e s u l t  of our need t o  bui ld  quan t i t a t ive  remote sensing 

systems. In t h i s  sense,  the  degree to  which the  impulse response function 

is not a coaplete descr ip tor  is a measure of t he  design shortcomings. Tile 

oneto-one mapping f r o m  image space back i n t o  radar  backscat ter  space, so 

essential f o r  s c i e n t i f i c  deduction, is possible  only i f  the  response 

function is reasonably unique, amplitude-independent, and t ime-invariant.  
well designed ca l ib ra t ion  experiment should a t  a minimum, therefore ,  

A 

(1) u t i l i z e  a ca l ib ra t ion  source with well-known and dependable 

cha rac t e r i s t i c s ,  

(2) ver i fy  the  extent  to which the  impulse response function is  both 

unique and anplitude-independent, and 

(3) provide frequent opportuni t ies  f o r  ca l ib ra t ion  t o  confirm the 

time invariance of the  impulse response function. 

For Seasat-A, t he  optimum geographic locat ion of t h e  ca l ibra ted  source is 
t i e d  t o  several fac tors ,  perhaps the  most significant of  which a r e  the par- 

t i c u l a r  cha rac t e r i s t i c s  of the  o r b i t .  As observed from a fixed locat ion on 

the  earth, t h e  basel ine o r b i t  w i l l  appear t o  precess toward the  eas t  a t  a 

rate of about 18 km at the  equator every three  days [3].  
ascending or descending passes,  therefore ,  a p a r t i c u l a r  f ixed t a rge t  w i l l  

present opportuni t ies  f o r  ca l ibra t ion  every three days u n t i l  i t  passes out 

of ' the  SAR swath of 100 km, yielding a t o t a l  o f  f i v e  or s i x  opportuni t ies  

over a 15 day period. The cycle repeats approximately f ive  months l a t e r .  

Moreover, by posi t ioning the point  source a t  pa r t i cu la r ly  favorable l a t i -  

tudes, sets of ascending and descending passes can be phased to  y ie ld  s e t s  
of IS day opportunities spaced a t  2.5 month in t e rva l s .  

t i ons  exist, for example, a t  l a t i t udes  of approximately 32'N, 39'N, and 46'N. 

For e i t h e r  

Such favorable loca- 
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FEATURE DISCRIMR?ATION/IDEIFICATION BASED 
U W N  SAR REPURN VARIATIONS 

WILLIAM A. RASCO, SR. AND ROY PIETSCH 
AEROSPACE TECHNOLOGY DIVISION 
APPLIED RESEARCH LABORATORIES 

THE UNIVEElSITY OF TEXAS AT AUSTIN 
P. 0. 

A study of the statistics 

SUMMARY 

of the look-to-look variations in the returns re- 
corded in-flight by a digital, realtime SAR system is being conducted for  the 
Avionics Laboratory, Radar Branch, WPAF'B, under USAF Contract F33615-774 
U69. 
tions demonstrate class-unique information content adequate to allow the use 
of some measure of that variance in discriminating betveen or identifying any 
or  all of various classes of objects and features mapped by the SAR system. 
This paper briefly discusses the data, their source, the techniques employed 
in sampling, and some measures unCor study and presents a demonstration of 
the positive results thus far obtained toward meeting the objective defined 
above. The determination that the variations in the look-to-look returns. 
from different classes do carry information content unique to the classes is 
illustrated by means of a model based on four variants derived Crom the four 
look in-flight SAR data under study. The model was limited to four classes 
of returns: mowed grass on a athletic field, rough unmowed grass and weeds 
on a large vacant field, young fruit trees in a large orchard, and metal 
mobile homes and storage buildings in a large mobile home park in Reedley, 
California. A data population in excess of 1000 returns, distributed between 
the four classes, was selected. These returns represent over 250 indi- 
vidual pixels from the four classes. 
operated on the set of returns for each pixel and assigned that pixel to one 
of the four classes, based on the target variants and the probability dis- 
tribution function of the four variants fcir each class. The model, the 
variants used, and the test results are presented. 

The study objectives include the determination of whether these varia- 

The multivariant discriminant model 
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1.0 OBJECTIVES AND GENERAL APPROACH 

1.1 OBJECTIVES 
The ove ra l l  object ive of t h e  study is  t o  analyze t h e  look-to-look va r i a t ions  

of t h e  multilook SAR re turns  from selec ted  objec ts  and features t o  determine 
whether some measure of t h a t  variance can be used in  discr iminat ing between 

or i d e n t i Q i n g  any or all of t h e  features and objec ts  analyzed. 

1.2 GENERAL APPROACiI 

The general  approach is t o  analyze t h e  va r i a t ions  of t h e  r e tu rns  from each of 

a number of sets of  ac tua l  multilook re turns  represent ing s t a t i s t i c a l l y  
s ign i f i can t  samples of se lec ted  classes and subclasses of  known Qbjects and 
features. 

These sample sets are comprised of t he  radar re turns  associated w i t h  s i n g l e  

p ixe ls  i d e n t i f i a b l e  w i t h  known objec ts  and features. The s i n g l e  p ixe ls  are 

selected i n t e r i o r  t o  gross features, scene segments, o r  ob jec t s  ( i .e . ,  indi-  

vidual  trees within an orchard o r  grove, individual  s t ruc tu res  within a 

group o r  within a c l u s t e r  of s t ruc tu res  o r  trees, e t c . )  

I n i t i a l  designation of c l a s ses  and subclasses t o  be sampled w a s  based on a 

requirement t o  obtain a r e a l i s t i c  spread of var ia t ions  and power levels. 

Additional classes and subclasses have been added as the  study has progressed. 

A l l  s e l ec t ions  are based on ground t r t ; th  information t o  minimize t h e  number 

of  " w i l d  points" which may OCCLU-. 

2.0 DATA SOURCE AND THE SELECTION PROCESS 

2.1 SOURCE OF DATA 

The SAR re turns  used i n  t h e  study a r e  obtained from d i g i t a l  data recorded 
i n  f l i g h t  on wideband magnetic tapes  during the recent ly  concluded, USAF- 

conducted, 72-fl ight experimental f l i g h t  tes t  s e r i e s  wi th  the in - f l i gh t ,  real- 
t i m e  da ta  processing FLAMR ( Forward Looking Airborne Multimode Radar ) sys- 

tem . This system operated i n  t h e  1.6 t o  16.5 GHz band . 
Approximately 450 wideband, 30.5 x 2.5 cm (14 x 1 i n . ) ,  14-track magnetic 

tapes  were recorded during t h e  f l i g h t  test program. 

c ia ted  da ta  and equipment are now located i n  t h e  SAR Data Bank a t  t h e  Applied 
Research Laboratories,  The University of  Texas at  Austin (ARL:UT) .  

Bank is  maintained for purposes of supplying SAR da ta  t o  qua l i f i ed ,  A i r  Force- 

These tapes  and asso- 

The Data 
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approved members of' t h e  technicdl and scient i f ic  community. 

supported by t h e  Air Force through USAF Contract F33615-77-C-2169 with ARL:IJT. 

The Data Base is 

2.2 SI&ECTION PROCESS 
The f i i g h t  data t o  be exmilied are i d e n t i f i e d  by review of t h e  documentation, 

t h e  available ground t r u t h  data ,  and photographs of t h e  i m a g e r y  associated 

with various f l i g h t s .  

The next s t e p  is te  replay t h e  appropriate  wideband tape corresponding 

to  t h e  selected l eg  of a f l i g h t .  

wideband t a p e  d r ive  shown on the r i g h t  i n  t h e  photograph i n  FiE. 1. 

recorded imaeery is reviewed on t h e  Monitor Display i n  16 gray level format. 
The DBS imwery used i n  t h e  study is s h o h  on t h e  display i n  360 ver t ical  

l i n e s  comprised of 384 range b i n s  each. 

This replav is accoDplished by means of t h e  

The 

When the desired .-.:IF is  painted on t h e  d isplay,  the imrtee is then "3-r.en" 

and t h e  tape dr ive h:ilted. The desired ob,lects or  feqtu!*e!: to  he s<myle.i are 

then locrtteci on the di;play. To locate the briRhtcst p ixe l  i n  the case o f  

small discrete ob,fects, the set of Eray scnle emphasis or deletion c w i + c k s  

below t h e  monitor i c  used. To obtain t h e  azimuth line and r s n w  b in  

numbers of a se l ec t ed  p ixe l ,  the manual controls  below t he  d i s p l n  
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t-'-& t o  pos$tion a bcal cursor over the  pixel. 
then read directly from the  cursor controls. 

The desired coordinates are 
i - 

After all desired sample pixels on the  scan have been ident i f ied and coordi- 
nates noted, a CCT (Computer-Compatible Tape) is placed on the small tape 
drive visible et the  left  in Fig. 1. 

panel t o  the r ight  of t he  display are then set t o  dump t h e  desired data. 

The practice thus far i n  t he  study has been t o  dump the  full SE&i of FM data 

(F i l t e r  Magnitudes recorded i n  f l i gh t  a t  the output of t h e  Doppler Processor) 
. and a f i le  of the associated RIOT data (Radar Input-Output data recorded from 

the  radar-colplputer 1/0 bus). 
format and are processed on a general purpose computer. 

The FM data are next reformatted and f ive  arrays of FM data, similar t o  those 
appearing i n  Fig. 2, are printed fo r  each selected pixel  for use i n  checking 

The data select/dump controls on the 

The flight data are i n  computer-compatible 

?- 

FIGURE 2. FM PEINTOUT FOR 35-PIxEL SECTIONS OF THE FOUR 

SINGLE-FREQUENCY AND THE COMPOSITE 4:1 MAPS 

and finalizing t h e  selection and coordinates for  the sample pixels. 
FM values appearin8 i n  Map 1234, the  composite 4 : l  overlaid map, are examined 
t o  verify tha t  the selected coordinates of t h e  center point of t h e  printout 
array represent, for  the case of a smnll discrete,  the brightest  return from 

The 
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the  discrete. Ii; an imrmtaiately adjacent pixel  has a higher FM value, then 
the coordinates nre changed t o  t he  c&rdInates of t he  bi ighter  pixel. Thus 
far in t he  study, no further effort t o  correct fo r  range/Doppler straddling 
has been made. 
puter programs and the  two data tapes, FM and RIW, t o  combine the returns 
data and other required information on a punched card fo r  each sample pixel. 
The p&h& card8 are then used as the  data b d e  fo r  aua&sis. 

2.3 THE TEST CASE 
A photogreph of the imagery from which the  sample sets treated i n  t h i s  paper 
uere obtained is shown in Fig. 4. 
made during a mapping flight i n  the San Joaquin Valley area of California 
near the town of Reedley. 

divers i ty  of terrain,  vegetation, and cul tural  features and the  large Data 

Bank stock of photographs of various portions of the town and nearby country- 

side. 

j u s t  above and t o  t h e  r ight  of t he  two bridges v is ib le  i n  the upper l e f t  

corner of Fig. 4. 
t h i s  location on t h e  imagery. 

Figure 3(B)  is a photograph of a large vacant f i e l d  covered w i t h  rough grass 

buil&s located ju s t  left of center at the  extreme top edge of Fig. 4. 

The samples from t h i s  f i e l d  comprise c lass  202. It was anticipated t h a t  

there would be substantial  overlap between the variants for classes 201 and 
202, and the two similar features were selected for  t h i s  reason. 

I 

After the coordinates are finalized, they are used with mu- 

This imagery is one of the  DBS scans 

This scan -8 chosen for  sampling because of the  

Figure 3(A) is a photograph of a moved grass a th l e t i c  f i e l d  located 

The samples comprising sample class 201 were obtained from 

I -  

, . & d f h  and located t o  the  r ight  of the group of bright returns from the  
, I  

Class 102 i s  comprised of f r u i t  trees from the orchard shown i n  Fig. 3(C). 
This orchard is  t h e  large tr iangular area located ju s t  above t h e  r ive r  i n  the 
lower r ight  quadrant 0% Fig. 4. 

Class 9000 was selected from the rectangular clusGer of bright returns ju s t  
below the sharp bend i n  the r iver  i n  the lower r ight  corner of Fig. 4. 
returns are from a l&e mobile home park, v i s ib le  i n  Fig. 3 ( D ) .  

These 
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1 1 1 1 1 1 1 1 1  ll1111111111111 
x x I x x x * x x x x x x x x x x x x x x x x x  
1 2 3 4 5 6 7 8 9 10 12 14 16 18 20 22 24 
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'2 f3 '0 fl  f2 f3 '0 fl f2 f3 fo fl 
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FIGURE 5 - FORPULTIOIJ !!Ai' OVERLAY LINES WITH 
AS?X!IATL% FTEQUENCY SEQUE?JCE O? RETLRNS 

The FRQ value given f o r  each of t h e  1:l overlay maps represents  t he  t- ans- 

mitter frequency use,! i n  the  forniation of t h a t  :n:~p f o r  t h i s  pa r t i cu la r  scan. 

This frequency varies from f l i g h t  t o  f l i g n t  ay.d from scan t o  scan, but i t s  

cycle of occurrence does not vary. 

ing frequency ( i . e . ,  16.4, 16.3, 16.2, 16.1, or any con;bination such as 16.3, 
15.2, 16.1, 16.4, and so on).  When t h e  "frequency hcp" mode was employed, as 

it often was, t h e  t ransmi t te r  frequency changed for each 8-azimuth-lii~e 

array formed. 

The cycle  sequence i s  i n  order  of descend- 
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The method of orcrlqy csplored in forring t h e  separate 1:l maps aud t h e  

caposite 4:l  mrlw mp is illustrated i n  Pig. 5. The key datum which t h e  
authow vish to  convey here is t h e  association of a particular r'requency 
sequence vith each pair of azlmuth l i n e s  in t h e  composite 4:l over- rap, 

vhich is forscd by avenging togcther t h e  appropriate pixels from t h e  four 
1:1 w, 1, 2, 3, and a. Bote t h a t  three &line arrays are presented for 
each of the fcnv 1:l raps and that each arra~r bears an army number, repre- 

sentirg t h e  order in uhich t h e  arrays are forred by t h e  system. Eo. 1 

is formed first, then array Ho. 2 is formed but v i t h  an azimuth displacement 
o f  tuo aximuth l i n e s  to t h e  right. 

tively, each with an additional 2-line displact.mPent relative t o  the  
Next came arrays No. 3 and No. 4, respec- 

P r n e a i n e  =-l-Y* 

A f ' t v  t h e  f i rs t  four arrays are formed, note that there  are only two azimuth 

lines of t h e  4:l  mnp that can be formed by averaging together t h e  corres- 
ponding lines of the four 1:l naps. Thii,  l i n e s  7,8 of arxqy Iso. 1, lires 

S,6 of array Ik. 2, l i n e s  3,1 of array Bo. 3, and l i n e s  1,2 of array M. 4 
correspond i n  a z i n n h  and, averaged together, form l ines  1,2 of t h e  4:: map. 

The rov of x's belov t h e  4:l map denotes pixels on each map azimuth l ine.  
The column of f's belov each pair of x's denotes the t h e  order i n  which each 

return f'requency v i l l  be received by the  SAA. 

transmitter frequency illuminating these points vas f 

f2, and f 

from i i n e s  7 and 8 of array No. 2. 

l i nes  5,6 of array No. 3, f 
from array No. 5. 
This varying frequency sequencing has  been found to  be qui te  important i n  t h e  

study of variants and t h e  study of its ef fec ts  is continuing. 

For pixels  1 and 2, t h e  fiist 

1' then, i n  order f 

For the next pair of pixels  t he  first frequency v i l l  be fi, 
0' 

The rest of t h e  sequence is f2 f r o m  
3' 

from l i n e s  3,4 of array No. 4, and f ina l ly ,  fo  3 
These sequences continue t o  cycle throughout. the  map. 

3.2 SCINTILLATION 

Four enlarged 1:l map s t r i p s  of the  mobile home park and adjoining fields 

shown previously i n  Figs. 3 ( D )  and 4 are presented i n  Fig. 6 .  
to-map variations i n  the pattern of returns f r o m  the  s t ructures  i n  the park 
and t h e  h r o u n d i n g  fields. 

and t he  higher grsy shades w e r e  deleted to  b e t t e r  illustrate the  variations. 

Note the map- 

Gray level 8 w a s  emphasized i n  these pictures 
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2hest variations are also avpannt in t h e  Ft4 arrw printed in Fig. 2. 
Llotc the variation in Fn v e l u ~ s  betvcen pixels v i t h  corresponding range 
bin aad l i n e  coordinates. It has been discovered that the information con- 
tent in these variations is significant in feature discrimination as is 
8mastrated i n  the final sections of t h i s  paper. 

5.0 SCUQPL~ VARIAF~S 

Four ~ a r i a n t s  vere generated hua the  b l o o k  €I4 data discused previously. 
Tbc four sequential values represeating each pixel, converted t o  power uni ts ,  
uere used t o  generate four vsr iants  emplayed i n  the  classi f icat ion model. 

'wc FM val\rrs are related t o  power by 
mmksioll t o  puwer from the  log filter magnitudes is given by 

1% P plus a constant so t he  

P = K(P'8) , (1)  

vhen K is a calibraticm factor which may change from scan t o  s c m  or within 
a single scan. 
irOr regions within the  scan over which K remained constant. 

To i l l u s t r a t e  t he  classi f icat ion model, data vere selected 

The four target variants based on measurement are the  mean, 2 
variance, Z2; fast variation, 2 ; and slov variation, Z1, defined as 

sample 
1; 

3 

= t: Pi 
4 2 z2 = L (P,-Z,) 

2 3  

It should be noted i n  the  above relat ions that variants 1 and 2 do not 
involve t i m e  sequence of the data whereas the variants,  fast variation and 
slaw variation, do e v o l v e  t h e  time sequence of the returns. Other measures 
of dispersion investigated, but not reported here include average deviation, 
color, deviation from color, t o t a l  variation, spread, and slope. 

'%+ 
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5.0 STATISTICS OF T U  VARIAIRS 

5.1 
Since the probability distribution function of the measured data or variant.s 
derived from the measured data vas required in the formulation of the classi- 

fication model, histogram8 of the distributions of the various variauts were 
constructed frcm the sample data sets. 
bution rUactions, vhich included the Locplormel, the Weibull, the Chi-square, 

osd the Rwleigh PDF's', vere fitted to the data. It vas found that the Log- - a d  hibull -'s gtnerell~ f i t t ed  the test data w e l l  vith the Weibull 
PDF g i a  a better fit than the Lognornal PDF. 

DISTRIBIJTIOHS -1GAl'ED FOR THE VARIAHTS 

Four standard probability distri- 

l!be Iqpornml and the Weibull distributions are written as 

and 

respectively, vhere I4 is the median of X, Urn is the standard deviation of 

tn(X/M), uv is a scsle factor, and n is a shape parameter. 

5-2 g x A M p L E H I ~ l u l D m v E F L T s  

Wstograms of unnormalized power Tor samples of rough grass and mobile homes 
along with the corresponding Lognormal curve fits are sham in Fig. 7 for 
returns from individual SAR maps for each of the four looks with 1:l overlay. 
It should be noted that there is little change in the distribution curves 

between maps for the two extremes of power levels represented by the two 
classes. 
aleo shown in the same figure. 
histogram data but, for some data, does not appear to be well centered about 
the histogram data. 
the order of 1.50). 
power for the four target types are shown in Fig. 8. These curves show that 
the Lognormal distribution is a good representation for the PDF for the four 
sample classes. 

The distribution and curve fits, both Lognormal and Weibull, are 

The Lognormal, in general, appevs to fit the 

This apparent anomaly occurs whenever urn is large (on 
Histograms and Lognormal distributions for received 
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FIGURE 7 
RECEIVED POWER DISTRIBUTION - HISTOGRAMS AND FITTED LOGNORMAL FUNCTIONS 
FOR TM) TAHGET TYPES SHOWING TYPICAL VARIATION BETMEEN MAPS. 
SET WHICH SHOWS THE 4-MAP MEANS ALSO SHOWS A COMPARISON BETWEEN THE WEIBULL 
AND LOGNORMAL PDF. 

THE LOWER 
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To fbrther illustrate the dispersion of the variants between sample classes, 
a sample set of crossplots of the variants, fast and slow variation, versus 
mean power is shown in  Fig. 9 for the four classes.. 

6.0 A MULTIVARIAB!l' D I S C R I M I W  MODEL AI?D RESULTS WEEN APPLIED TO A TEST 
CASB 

CHOICB OF !RIB U U S I F I C A T I O H  HODEL 

- 
6.1 
To d6mmmtratc the utility of several of the variants currently being studrd 
for discrimination, a classification mdelbased on the statistics of selected 
ww9mts derived f m ~  the SAB return data was formulated and applied to the 
test sample. Four variants and four classes of obJects were used to demon- 
strate the effectiveness of the Discriminant Model; however, it should be 
noted here that the model is by no means limited to these dimensions. 

Although the Weibull PDF (Probability Distribution Function) fitted the 
variants for all four classes comprising the test sample, the Shape Factors 
were large numbers for some targets, thereby making the Weibull PDF less 
suitable than the Lognormal PDF for construction of the classification model. 
Consequently, the Lognormal distribution was chosen for constructing the 
classification -el. 

6.2 DESCR~PTIOH OF TBB m m  
The variants. (Zl, Z2* Z3, Z4), derived f rom orL- . ?t of measurements are 

assumed to belong to one of four sample classes comprising the test s8m- 

ple. Since these quantities have a Lognormal distribution, the PDF of 2, 

when Z belongs to class Ti, is represented by p(ZITi) and for the vector 2 is 

given by the following: 

where 

2' is the transpose of 2, and 
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for ~ 1 , 2 , 3 , b ,  are t h e  medians of Zr when Zr belongs t o  Ti. Ci is t h e  %* 
covariance matrix of 2. 

-tor 2 to  one of t h e  sample classes .  

Ti if t h e  following condi t ion 

A decis ion funct ion is formed t h a t  ass igns each 

This function w i l l  ass ign 2 t o  class 

is met for a l l  j not including i. 

Inserting t h e  expression 

into t h e  r a t i o  of two probabi l i ty  densi ty  f u n c t i m s ,  one obta ins  a decis ion 

function as follows 

A decis ion is now made, based on Eq. (111, as to  which c l a s s  2 belongs. 

Eq. (g), 2 is assigned t o  C l a s s  Ti i f  r 
r <O. 

By 
S O ,  and is not assigned t o  Ti i f  

13 

33 

For t h e  se lec ted  example given here,  only the  diagonal terms i n  the  

covariance matrices w e r e  re ta ined.  

A l l  combinations f o r  r 
condition r ,O was m e t  f o r  a l l  j .  

6.3 TEST RESULTS 

Rnploying t h e  da ta  represent ing t h e  four sample c l a s ses  described i n  

sec t ion  4, t h e  model was t e s t e d  against  each data point  for severa l  combina- 

t i o n s  of measurement vectors  Z. The result of one test  is shown i n  Table I 
Fast Variat ion,  and when t h e  four variants--#ean 

Slow Variation-were employed i n  t h e  model. 

points  of c l a s s  102 (young f r u i t  t r e e s  i n  an orchard) were iden t i f i ed  

The off-diagonal t e r n  w e r e  set t o  zero. 

were computed and 2 was placed i n  class k when t h e  i J  
kj 

pwr ' Standard Deviation m' 
As i s  shown i n  Table I, data 
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TABLE I 

MIMBER OF CORRECT AND INCORRECT CLASSIFICATIOHS 
MIR EACH PIXEL VERSUS EACH CLASS 

correctly by a ratio of slightly better than 2:l over incorrect classifica- 
tions as belonging to the grass classes 201 and 202. 
to incovect classifications for the mowed grass class (201) was nearly 9:l 
and here the incorrectly classified pixels were classified as belonging to 
the rough grass class. 
pixels (202) was about 1:4, a poor showing. 
initially selected to test the variants for two very similar subclasses. 

Considering this fact, the model did surprisingly well. All class 9000 
(metal structures) were correctly classified, a 100% performance. 

The ratio of correct 

The ratio of correct to incorrect for the rough grass 
However, the grasses were 

6.4 CONCLUSIOS 

Since the results presented here are preliminary , no optimization or 
detail,& analysis of the model or variants has been accomplished . How- 
ever .x it !; Selieved that the evidence presented in this paper indicates 
that, map 5.3 map sciotillations for the type SAR studied do contain potential- 

ly valuablr object and feature classifier information . 
- 
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SUMMARY -- 
Tfe "Point Scat ter ing kthod" of s imulat ing radar imagery i s  an e f f i c i e n t ,  

cost -ef fect ive technique which r igorous ly  models a1 1 aspects of the imaging 

radar phenomena. The model i s  v a l i d  f o r  incoherently degraded SAR, P P I  and 

r e a l  aperture sy5 ms. The target  behavior, the radar antenna and signal  

r r w e s s i n g  equipmer,t, and the storage o f  radar data on photographic f i l m  are 

incorporated although d i g i t a l  image storage can e a s i l y  be accomodated. This 

method does not presuppose the existence o f  radar imagery; rather,  i t s  compu- 

t a t i o n a l  algori thms operate on a symbol i c  representation of the t e r r a i n  t e s t  

s i r e  to ca l cu la te  such parameters as range, angle of incid2nce. cesolut ion 

c e l l  size, etc. Empir ical backscstter data and e leva t i on  data are u t i l i z e d  

t o  model the te r ra in .  Addi t ional ly ,  the important geonetr ical/propagation e f -  

fects such as shadow, foreshortening, layover, and local  angle o f  incidekce 

are r igorous ly  treated. 

Appl icat ions o f  radar image simulat ion t o  SAR system, c a l i b r a t i o n ,  and pro- 

cessor design problems are discussed. For example, data or images generated 

by the Point  Scatter ing Method w i l l  d isp lay various degrees of  i n te rp re ta -  

b i l  i t y  depending upon the conf igurat ion o f  the i w c i n g  system beinq modeled. 

Therefore. the resu l t s  can be used t o  estcljl i sh  optimum design parit lrxters: 

frequencies, po lar izat ions,  angle o f  incidence, al lowable fading, resc lu t ion.  

antenna pattern,  and so on, 

h igh l ighted:  s o i l  moisture detect ion and vegetation d iscr iminat ion.  This 

simulat ion technique i n  conjunction w i t h  t e s t  s i t e s  containing these types o f  

targets may be appl ied t o  es tab l i sh  basel ine q u a l i t y  Images. Subsequently, 

system e r r o r  degradation studies can be performed using c l a s s i f i c a t i o n  and 

detect ion algori thms t o  develop q u a n t i f i a b l e  performance c r i t e r i a .  

Two tasks o f  a proposed ca l i b ra ted  SAR s y s i v :  are 
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1.0 INTRODUCTION 

The successful app l i ca t i on  o f  a i rborne imaging SAR and ground-based back- 

sca t te r  measurement systems to the tasks of s o i l  moisture detect ion and crop 

d iscr iminat ion has received Lmsiderable p u b l i c i t y .  It has been proposed tha t  

a spaceborne SAR be designed t o  accomplish these same goals on a large scale. 

The proponents of  the design c i t e  as evidence tha t  the proposed sy iL  11 w i l l  

succeed, tha t  the average uo trends f o r  the targets o f  i n t e r e s t  e x h i b i t  con- , 

s iderable separation. SAR system designs have been proposed f o r  o r b i t a l  p l a t -  

forms c a p i t a l i z i n g  on the current s t a t e  af knowledge. However, the degree t o  

which these designs w i l l  accomplish the desired goals i s  not c lear .  Cal ibra- 

tion problems, v a r i a b i l i t y  i n  system components, degradation due t o  naviga- 

t i o n a l  and s t r u c t u r a l  problems (t.g., antenna Performance) a l l  must be con- 

sidered as to t h e i r  impact on the u l t ima ta  performance which can only  be 

assessed i n  terms of the intended appl icat ion.  For instance, the problem o f  

measuring s o i l  moisture involves d i sc r im ina t i ng  features w i t h i n  a narrow range 

(<6,7 dB) which c l e a r l y  c a l l s  f o r  a ca l i b ra ted  system naJing a measurement 

accuracy on the order o f  1 dB. These and other  conjectures car be i n v e s t i -  

gated by r igorous ly  model ing the imaging radar "closed-system" and bv simirla- 

t i n g  imagery. The closed-system consists of the target  t e r ra in ,  atmosphere, 

antenna, s ignal  processing equipment, and data storage medium. The interpret . .  

b i l i t y  o r  information content o f  the simulated images, as determined by e i t h e r  

a human or automated c l a s s i f i e r ,  would be useful  i n  deciding whether the 

spaceborne SAR can perform the desired discr iminat ions.  

\ 

A cost-ef fect ive,  e f f i c i e n t  technique which has been developed f o r  imaging 

radar simulat ion, and which i s  wel l -su i ted t o  the above SAR problems i s  the 

"Point Scatter ing Method'' of Holtzmm, e t  a l .  [l]. 

a l l  aspects of  the imaging phenomena, i .e.,  each component o f  the closed- 

system and i t s  e f f e c t s  on the r e s u l t i n g  imaqe have been modc!ed. The present 

c a p a b i l i t i e s  o f  d i g i t a l  implementations o f  the PSM a l l ow  simulat ion o f  SAR, 

PPI,  and real  aperture imagery. Both q u a l i t a t i v e  ( k i sua l )  and q u a n t i t a t i v e  

(image cross-corre la t ion measurements, rea l  versus simulated imagery) Val Ida- 

t i o n  tes ts  have been performed for  the PSM simulat ions, w i t h  excel lent  r e s u l t s  

[2 ] .  
the propagation/geometrical e f fects  and radar system parameters as we1 1 as the 

This method incorporates 

The model accurately p red ic t s  the radar re tu rn  by taking i n t o  account 
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0 
image medium. The signal /carget i n te rac t i on  i s  described i n  terms of u , the 

d i f f e r e n t i a l  sca t te r i ng  cross-section; empir ical  o r  t heo re t i ca l  values o f  ao 

are used ir the simLlat ion process. 

2.0 THE POI, SCATTERING METHOD: A BRIEF O V E R V I E W  

I n  order t o  produce imagery comparable t o  tha t  which would be produced by a 

rea l  radar t ravers ing the atmosphere o r  space above the desired ground swath, 

i t  i s  necessarf t o  ob ta in  a representation of  the t e r r a i n  a t  microwave f re-  

quencies, and to sample i t s  propert ies.  These proper t ies dre electromagnetic 

and geometric; therefore, the microwave r e f l e c t i v i t y  and e levat ion o f  the s i t e  

are sampled. Empir ical backscatter data are u t i l i z e d  i n  combination w i t h  the 

r e l i e f  data t o  model both the coarse and f i ne  scale cha rac te r i s t i cs  of the 

ter ra in .  Backscatter data imp1 i c i t l y  contain informat ion about the texture 

and type of te r ra in ,  and i t s  use complements e leva t i on  sampling which alone 

i s  i n s u f f i c i e n t  f o r  modeling the ground as a component o f  the radar 

closed system. The d i g i t a l  data base which describes the gros.Bid s i t e  i s  i n  

the form of a rectangular matrix, and each o f  the locat ions of t h i s  matr ix  

conts in  x- and y-coordinate, e levat ion,  and backscn:;er ccriegory (e.g., I5 cm 

green wheat over rough moist s o i l ) .  

the l i t e r a t u r e  and from the Remote Serlsing Laboratory a g r i c u l t u r e / s o i l  mois- 

t u re  data bank, i s  contained on tape fo- each d i s t i n c t  d i s t r i b u t e d  target 

found t o  e x i s t  i n  the t e s t  s i t e .  Specular r - f l e c t e r s  are e i t h e r  t reated 

symbol ical ly o r  by the o p t i c a l  technique o f  Holttman, e t  a l .  [ ? I .  

A matr ix  o f  empir ical  uo data, taken from 

Af ter  the ground t r u t h  data base ( t e r r a i n  feature model) o f  the desired s i t e  

has been speci f ied,  the r e f l e c t i v i t y  (0') data f o r  the various cat%:gories 

included i n  the data base have been obtained, and the complex geometry 

r e l a t i n g  the radar p la t fo rm t o  the scene has been determined, then the imag- 

ing model, ;.e. the t'inal cJmputationai a lgor i thm o f  the PSM i s  used t o  cclcu- 

l a t e  the s ignal  reradiated from the ground back t o  the radar fo r  each resolu- 

t i o n  element i n  the scene. I t  calculates the ground-return s ignal  e x i t i n g  

the receiver, and then converts t h i s  i n t o  the appropr iate densi ty o f  s i l v e r  

grains i n  the exposed and developed image. This a lgor i thm determines the 

shade of gray o f  each p i x e l  i n  the image, and hence, i s  ca l l ed  the gray- 

tone equation. The graytonc equation produces the f i n a l  r e s u l t ,  drawing upon 

a l l  preceding data and ca lcu lat ions.  I t  re la tes the ground t o  +he radar and 
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. to tb I-. Uhm the desired storage diu of the SAR i s  not p b t o g r . d r i c  

f l h  but -tic tape, the ?SM can be adapted to r e f l e c t  t h i s  chwrae. 
firul a r g r r t a t i o n r l  algorithms of the Paint Scattering Hock1 can reflec: 
a linear, log, or other s ignal  receiver iwd signal quantizer. The input t o  

the quantizer i s  most often the output ef a phase &Lector, tha t  is, the 
bipolar video da:r of a coherent radar receiver. 
rodif id to t n i s  chain of events for further d i g i t a l  processing. 

The 

The PSI4 a l g o t i t b  can be 

As n e.)tlrple of the m s t  recent resu l ts  o f  the Point Scatteo-ing k k l ,  an 
imge was s i u l a t e d  for a s i t e  (350 Oh' W by 

Tcmaoscs R i v e r  flaws. 

-tison purposes, The actual  radar data wtre not crnployed i n  the construc- 
tion of the ground t r u t h  data base, nor i n  decisions about the t e r r a i n  re f lec -  

t i v i t y  &I.  
occur since the source in te l l igence material for dc l i rna t i ng  categories was 

high resolut ion ae r ia l  photography. Because radar and op t i ca l  imagery d i f f e r  

so much w i t h  respect to each other in the response t o  t e r r a i n  features, and 
especial ly r o i s t u r e  canLent and ground roughness, 100% accurate microwave 

rtSpOnse categorization would require m r e  kinds of  source in te l l i -nce  data 
than j u s t  op t ica l  ilbagery i n  future studies. Some m i n o r  di f ferences be- 

tmcn the rea l  and simulated imagery were caused by mis ident i f i ca t ion  of 

categories because only op t i ca l  in te l l igence data were used. Figure 1 i s  

a side by side cornoarison of 3 m SAR imagery and 18 m resolut ion PSH simu- 

la ted imagery (lower swath). fhe sirnulation parameters were set to match 
as c losely  as possible those for the actual rada- system and f l i g h t  path. 

Table 1 l i s t s  several of the system and f l i g h t  parameter fo r  the s i tuat ions.  

15' W) through which the 
bodyear 3 resolut ion SAR imagery was purchased for  

Thus, UWT mis ident i f i ca t ion  of the scat ter ing categories can 

TABLE 1 

FLIGHT AND RADAR PARWETERS 

Parameter APD - 10 S i mu 1 a ted 
A1 t i tude 8goo m agoan 
Near Range Angle of Incidence 66.70 66. -p 
Far Range Angle of Incidence 71 3O 71.3O 
Head i ng 116.4' Magnetic 116.4O Magnetic 
Look 01 rect  ion Southwest Southwest 
Frcquency/Polariration X Band HH X Band HH 
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b t e  that  because ident ica l  f l i g h t  paths w i t h  respect to the ground were em- 

ployed, there should be a d i r e c t  correspondence between feature locat ions i n  
the tm, images. 

ly. 
nethods account for the favorable s i m i l a r i t i e s  i n  these respects. 

a ry  po ints  o f  comparison, the r e l a t i v e  gray shades and texture may be cm- 
ployed, but w i t h  caution. The deciduous t rees in  the tes t  region were model- 

ed as having a m a n  height of 21 lllcters, and a standard dev iat ion of 3 m. 

The resu l t ing  texture adds to the resemblance between the imagery. 

Shadows should be o f  the same lengths, and or iented s i rn i lar -  

F ide l  i t i  in  Yhc g'romF':truth data base i n  add i t ion  to correct  simulat ion 

As second- 

. r., 1 b 

? . . * D :  ':4 .&. L. 

Gray tone comparisons can be made in  a r e l a t i v e  manner. 

f i e l d  "A" w i t h  respect to f i e l d  "0' i s  l i g h t e r  i n  the rea l  radar image, then 

such a re la t ionsh ip  should e x i s t  in the simulated version. 

instances in the swaths of Figure 1 t ha t  f a i l  to meet t h i s  c r i t e r i a .  These 

discrepancies are explained by one of two p o s s i b i l i t i e s ;  e i t h e r  a mis label ing 

of radar sca t te r ing  category has occurred, or e l s e  the t e r r a i n  r e f l e c t i v i t y  

model a t  that p a r t i c u l a r  angle of incidence does not su i tab ly  describe the 

regions's behavior. 

simulated radar image shown, for such a comparison cannot be construed as 

absolute or quant i ta t ive,  but the ove ra l l  v isual  e f fec t ,  i n  the opinion of  

trained radar in terpreters  i s  very good 141. 

When the tone of a 

There are few 

We cannot a t tach a number to depic t  the accuracy of the 

3.0 SAR SYSTEM, CALIBRATION, AND PROCESSOR DESIGN 

Radar image simulat ion (especial ly the PSH) has already been shown to be in- 

valuable i n  assessing and so lv ing defense department problems [2 ] .  

section we propose extensions o f  proven technology (PSH) t o  a d i f f e ren t  class 

of problems. Consider two o f  the po ten t i a l  appl icat ions of  a spaceborne SAR: 

soi 1 moisture detection, and vegetation d iscr iminat  ion. Radar image simula- 

t i o n  can serve as an important research too l  i n  the implementation o f  a 

ca l  ibrated SAR fo r  these two (and other) p a r t i c u l a r  objectives. 

o f fers  a way t o  evaluate a l l  aspects o f  a spaceborne SAR program from pre- 

l iminary design through mission planning v i a  the most graphic method possible; 

the f i n a l  image product and resul tant  d iscr iminat  ion analyses. Perturbat ions 

of recorded data,created by processor design trade-offs, operating parameters 

trade-offs, antenna design and degradations, ca l i b ra t i on  req:iirements and de- 

gradations, etc. ,  can be predicted and the e f fec ts  analyzed througb ine use 

I n  t h i s  

Simulation 
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o f  radar simulation. 

A we1 I-designed candidate program u t i  1 i r i n g  radar simulat ion would requi re 

developing a data base for a su i tab le  s i t e ,  surveying the s o i l  moisture and 

vegetation proper t ies of the s i t e ,  and c o l l e c t i n g  supportive s c a t t e r m t r y  

data and airborne radar images of the s i te .  Before the radar simulat ion m- 
del would be used t o  evaluate the SAR questions, i t  would be va l idated by 

producing simulations of the airborne images and comparing them to the actual  

images. 

a te  the SAR. 

be applied to evaluate the po ten t i a l  problems (both design and ca l  ibratiom) 

o f  a spaceborne SAR. 

This would lend credence to the use of the simulat ion model t o  evalu- 

A f te r  completion of  these pre l iminary a c t i v i t i e s  the PSM would 

For instance, the PSH could be employed to confirm the design of the candi- 

date SAR system. One way t h i s  could be acconpl ished i s  through comfirmation 

of the optimm frequencies, polarizations, and angles o f  incidence for e i t h e r  

s o i l  moisture detect ion or vegetation monitoring. Another way t h i s  could by 

accomplished i s  through v e r i f y i n g  the design parameters o f  the hardware. 

Design var iants  and t h e i r  inpacts on u l t imate  data, i n t e r p r e t a b i l i t y ,  and 

d iscr iminat ions could be assayed eas i ly .  Candidate receiver/processor models 

could be implemented i n  the PSH, s t a t i s t i c a l  degradations introduced, and 

resul tant  images formed. These images could be in terpreted and the e f fec ts  

measured. 

I n  addit ion, the PSH could be applied t o  answer questions about the design 

o f  the SAR system through the eas i l y  implemented reso lu t ion  versus averaging 

( to  reduce fading, data rates,etc.) t rade-of f  studies. 

l u t i o n  ground t r u t h  data base the e f fec ts  o f  s a c r i f i c i n g  r* 

reduction could be appraised by human in te rpre ters  o r  automaL23 c l a s s i f i c a t i o n  

schemes. 

could be large, yet the loss of information content o f  the imagery could be 

s t r i c t l y  monitored through such a systematic study. 

Wi*h a very f i n e  reso- 

. , t ion f o r  speckle 

The s ign i f icance of the savings i n  terms o f  data processing expense 

The importance o f  antenna design and performance fo r  a spaceborne SAR i s  s ig-  

n i f i can t .  Radar image simulat ion as perforlned by implementation o f  the PSM 

can be applied t o  determine the e f fec t  o f  antenna conf igurat ion (e.g. , f latness) 

under o r b i t a l  condit ions upon the f i n a l  image and u l t imate ly  the e f fec ts  on 

i n t e r p r e t a b i l i t y  of the data. 
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In order to accomplish the goals i n  s o i l  moisture detect ion the SAR w i l l  have 

to be a ca l i b ra ted  instrument. While conventional s t a t i s t i c a l  techniques 

can be used to estimate the e f f e c t  o f  component var ia t ions,  o r b i t a l  t ra jec -  

tory errors etc.. on the re tu rn  video signal  i t  i s  on ly  through s inwla t ion  

of the f i n a l  data products tha t  an assessment can be made as to the ef fect  

on the a b i l i t y  to i n te rp re t  the images. It i s  suggested, therefore,  tha t  

simulated imagery be produced for t yp i ca l  s o i l  moisture (and a g r i c u l t u r a l )  

targets  to t e s t  d i f f e r e n t  c a l i b r a t i o n  techniques, as wel l  as to evaluate 

the v a r i a b i l i t v .  

t ions  and the resu l t i ng  c l a s s i f i c a t i o n  would es tab l i sh  the expected success 

under the tested conditions. 

The simulated images would be compared t o  baseline simula- 

Sirnufation can a lso  p lay a v i t a l  r o l e  i n  "re?!-time" c a l i b r a t i o n  of the 

o r b i t a l  sensor. It i s  an t ic ipa ted  tha t  ca l ib ra ted  ground-based measurements 

taken simultaneously w i t h  o r b i t a l  o v e r f l  igh ts  w i  11 be performed t o  "ca1 ibrate"  

the SAR. Rather than c a l i b r a t e  on a few f i e lds ,  simulated imagery could be 

produced to mimic the condi t ions a t  the time of the o v e r f l i g h t  incorporat ing 

the ground measurements and then could be used to c a l i b r a t e  the i den t i ca l  

imagery produced by the spaceborne SAR. This experiment i s  analogous t o  

the SI93 exercise o f  comparing p r e - f l i g h t  antenna pat terns w i t h  antenna pat-  

terns measured from space (APEX Experiment [SI) t o  Val idate system perform- 

ance and t o  ob ta in  the f i n a l  c a l i b r a t i o n  o f  the SI93 data. 

Ca l ib ra t ion  has many rami f i ca t ions  as to the fir.aI success of  an o rb i t61  SAR. 

Conjectures as to the performance, precis ion,  and accuracy o f  the SAR must 

be answered a t  an ea r l y  date. 

vehicle, can p lay an important r o l e  i n  ending the conjectures, leading t o  

d e f i n i t i v e  resul ts .  

Simulation, especia l ly  using the PSH as a 

Assuming a design i s  f i n a l i z e d  for the  proposed SAR, the value o f  image combi- 

nations, for example, spaceborne SAR w i t h  LANDSAT could be evaluated. Human 

in te rpre ter  studies and/or automated mu l t i va r ia te  c l a s s i f i c a t i o n  analyses 

could be performed on the superposi t ion t o  determine the usefulness o f  such 

a combination. In  the event that  a multifrequency/multipolarization SAR 

design i s  proposed or l a t e r  chosen, then corresponding simulated images 

could be d i g i t a l l y  processed, o p t i c a l l y  f i l t e r e d ,  superimposed, e tc . ,  before 

the SAR becomea operat ional  . 
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Needless to  say, there are many techniques which w i l l  be employed i n  the design 
and operat ion of a spaceborne SAR assigned to accomplish the tasks of s o i l  mois- 

ture detect ion and vegetation analysis. Simulation of radar imagery i s  one 

feasible, cos t -e f fec t i ve  and e f f i c i e n t  method. I t  should be combined w i t h  

others, e.g., observation o f  e x i s t i n g  SAR imagery and empir ical  uo data. 

There may be g la r i ng  object ions t o  the use o f  a s ing le  method when such an 

enormus number o f  factors  cont r ibu te  to  the success o r  f a i l u r e  o f  the mission. 

Choosing design parameters from radar imagery alone i s  probably i n s u f f i c i e n t  

because (1) the lack of space radar imagery of natura l  t e r r a i n  surfaces, (2) 

the absence o f  numerous data co l lec ted  by a s ingle,  ca l ib ra ted  system, and 

(3 )  the " i nd i v idua l i t y "  of  resu l tan t  images produced by ex i s t i ng  comnercial 

and government radars. 

4.0 CONCLUSIONS 
The Point  Scat ter ing Method f o r  radar image simulat ion has been b r i e f l y  re- 

viewed and some strip-image format resu l t s  were shown as a means t o  assess 

q u a l i t y  o f  the products generated. Space does not permit e i t h e r  b f u l l  theo- 

r e t i c a l  development o f  the PSM or a complete analys is  of the resul ts .  The 

interested reader can f i n d  such d e t a i l s  i n  the referenced documents [1,2]. 

Simulation t r a d i t i o n a l l y  has been an important research too l  i n  a l l  engin- 

eer ing and s c i e n t i f i c  d isc ip t ines  but has not been ava i lab le  t o  the radar 

designer to the extent being discussed here. 

and components have been employed but not the complete imaging simulat ion 

represented by the PSM. This newly emerging area, radar image simulat ion,  has 

been s x c e s s f u l  l y  appl ied t o  defense-related problems [2]  ana now o f fe rs  i t s  

capab i l i t i es  to  evaluate problems and answer questlons regarding a spaceborne 

SAR designed t o  measure s o i l  moisture or t o  monitor vegetation. 

Cer ta in ly  s imulat ions o f  systems 

Sample studies of a we1 1-designed program employing radar s imulat ion f o r  

evaluat ion o f  SAR system, processor design, and c a l i w a t i o n  are proposed. 

Space p roh ib i t s  a d e f i n i + i v e  statement about the app l ica t ion  o f  radar simula- 

t i o n  t o  address Fpec i f i c  system problems, so only  the major goals and objec- 

t ives,  and po ten t ia l  rewards are discussed. 

111-2-9 



REFERENCES 

1. Holtzman, J.C.,V.H. Kaupp, R.L. Martin, E.E. Komp, and V.S. Frost, "Radar 
Image Simulation Project: Development 3f a General Simulation Model and an 
In te rac t ive  Simulation Model, and Sample Results," ETL TR-0047, U. S. Army 
Engineer Topographic Laboratories, Fort Belvo i r ,  V i rg in ia ,  February, 1976. 

2. lbl t tman, J.C., V.H. Kaupp, J.L. Abbott, V.S. Frost, E.E. Komp, and E.C. 
Oavison, "Radar Image Simulation: 
Volume 1 ,  ETL TR-0117, U. 5. Army Engineer Topographic Laboratories, Fort 
Belvoir,  V i rg in ia ,  June, 1977. 

Val ida t ion  of the Point Scattering Hodel , I '  

3. Holtzman, J.C., V.S. Frost, J. L. Abbott, and V.H. Kaupp, I '  A Mathematical 
Hodel f o r  a Terrain-Imaging Radar and i t s  Potent ia l  Application t o  Radar Image 
Simulation," Remote Sensing Laboratory Technical Report 319-6, Univers i ty  of 
Kansas, Lawrence, Kansas * November * 1976. 

4. L. F. Dellwig, personal communication. 

5. Kaupp, V.H., J. C. Holtzman, "Skylab Program Earth Resources Experiment 
Package, Sensor Performance Report, SI93 MD/SCAT Final  Report ,'I Remote 
Sensing Laboratory Technical Report 236-4, Univers i ty  o f  Kansas, Lawrence, 
Kansas, Julv, 1975. 

I1 1-2-10 



. 

DESCRIPTION OF A CC!WUTER SIMULATION 
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SUMMARY 

In order  t o  preriict  t h e  performance of a synthe t ic  aper ture  radar ( S A R )  f o r  

a wide var ie ty  or' system and environmental parameters a computer simulation 

of  t h e  SAR system has been developed. This model is a de ta i l ed  descr ipt ion 

of the  SAR imaging process on a pulse-by-pulse basis. 

plemented as seven computer programs fcr a CDC c-fser 171 d i g i t a l  computer. 

The first of  these programs i s  t h e  simulation cont ro l le r .  This program co- 

ordinates  communication between the  o ther  programs and between t h e  user and 

the  simulation. It is also responsible f o r  computing ce r t a in  parameters, 

l i k e  the  map start t i m e ,  t h a t  w i l l  be needed by the  o ther  programs. 

second program discussed i n  t h i s  paper spec i f i e s  t h e  model of t he  t e r r a i n  t o  

be mapped. The t e r r a i n  can cons is t  of d i sc re t e  s c a t t e r e r s  o r  extended homo- 

geneous areas. The homogeneous areas a re  represented by a co l lec t ion  OS 

many d i sc re t e  ta rge ts .  

is under user control  bu t  the  scatterers are placed so as t o  insure seve ra l  

pe r  SAR resolut ion cell.  Representing homogeneous areas  as col lec t ions  of  

point r e f l ec to r s  enables the  simulation t o  support the  phenomenon of co- 

herent  speckle which i s  c h a r a c t e r i s t i c  of some monochromatic SAB imagery. 

"he t h i r d  program discussed computes t h e  range between each s c a t t e r e r  i n  the  

t e r r a i n  and the  phase center  of the  antenna. These calculat ions are made on 

a pulse-by-pulse bas i s  f o r  each pulse i n  the  simulated time in t e rva l .  The 

range is a function of t he  loca t ion  of the  terrain on the planet surface,  

t h e  ro t a t ion  and shape of  the  p lane t ,  the  o r b i t a l  parameters of t h e  s a t e l l i t e  

carrying the SAR and the  loca t ion  of the  antenna phase center  with respect 

t o  the  center  c f  mass of the s a t e l l i t e .  This program a l so  weights t he  re- 

ceived echo s t rength  i n  accordance with the  antenna gain pa t te rn .  

f m r t h  program computes the  IPQ ( I n  Phase arid Quadrature) video s igna l  by 

The simulation is im- 

The 

The densi ty  of t he  d i sc re t e  t a r g e t s  per  unit area 

The 
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convolving the  radar  impulse-response and the echo t i m e  h i s to r i e s .  

f i f t h  program handles moticn canpensation. 

correct ions f o r  each pulse  t o  effect SAR 3eam s tee r ing  and range focusing. 

"he s i x t h  program is t h e  SAR processor. It weights t he  IPQ video and com- 

putes t h e  fou r i e r  transform t o  produce the  co.iplex output image. 

t a d  last program i s  t h e  post  processor. 

leve!s, assigns grey shade levels and displays t h e  r e su l t en t  image. iTe 

output of t he  simulation i s  a f u l l y  processed SAR image displayed on a high 

resolut ion CRT. 

The 

It appl ies  t h e  Doppler phase 

The seventh 

It computes t h e  i m a g e  log  magnitude 

1.0 PURPOSE AND STATUS 
I n  general  t h e  simulation is  designed t o  permit inves t iga tors  t o  assess the  

effect of  various radar  and geometric parameters on the  qua l i t y  of t h e  SAR 

imagery produced. 

ing: 

In  p a r t i c u l a r  it w i l l  be used t o  inves t iga te  t h e  follow- 

1. 

2. 

To assess the  effect of  various antenna pa t te rns  on t h e  SAR image, 

To assess t h e  e f f e c t  of various SAR parameters on the  system's 

a b i l i t y  t o  detect  s m a l l  d i f ferences i n  t h e  radar cross sec t ion  of 

adjacent homogeneous areas. 

To assess the  e f f e c t  of mapping geometry an SAR image qual i ty .  3. 
The first SAR simulation produced at  ARL:U!I'modeled an airborne SAR scenario.  

This simulation has been completed and r e s u l t s  obtained from t h i s  f i r s t  

simulation ind ica te  t h a t  our approach w a s  feas ib le .  

o r b i t a l  case, on a faster computer, i s  nearing completion. 

The s iuula t ion  of t h e  

2.0 PROGRAM STRUCTURE 

The s t ruc tu re  of the simulation i s  shown i n  Figure 1. The simulation con- 

t r o l  program, SARTREK, i s  run first. It reads all the  user  input data, com- 

putes various system parameters based on these inputs  and s t o r e s  these  data 

i n  an area which i s  accessible  t o  the  o ther  programs. 

i n  the  simulation are executed they w i l l .  produce other  parameters necessary 

t o  subsequent programs. 

meter" area. 

pa t te rn ,  t e r r a i n  parameters, SAR radar and processor parameters, o r b i t a l  

parameters and a descr ipt ion of t h e  planet being mapped. 

data flow i s  from l e f t  t o  r i g h t  i n  Figure 1. Each program is run i n  tu rn  

As t h e  o ther  programs 

These da ta  a re  a l s o  s tored  in  the  "control para- 

The user  suppl ies  input  data which spec i f i e s  the antenna 

After  SARTREK the  
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and i t s  output i s  s tored  on tape  o r  disk. 

the i n p q  t o  the. next. . .  
duces 'the. wount ,of  computer t h e  one must use i n  a s ingle  block. 

it yte lds  a considerable savings i n  computer t i m e  s ince  t h e  inves t iga to r  can 

change parameters i n  a given program and rerun the  simulation without having 

t o  rerun the  program upstream from where t h e  changc Q were made. 

t h e  user can inves t iga te  the  e f f e c t  of changes i n  Doppler processor para- 

meters (SAW) without rerunning the  four  programs which precede it. 

output of t he  proeram i s  a f u l l y  processed SAR map of the  modeled t e r r a i n  

displayed on a high resolut ion CBT. 

The output of one program forms 

This technique has two advantages. F i r s t ,  ii re- 
* ,; 

Second, 
- 1  

. Y  

For example, 

The 

3.0 SARTREK - THE SIMULPTION CONTROLLER 

Program SARTREK forms the  communication l i n k  between the  user  and t h e  simula- 

t i on  and between the  various programs within the  simulation i t s e l f .  

p e r f o m  four  major functions; it reads the  user  sDecif icat ions o f  t h e  

simulation t o  be run, it computes the  mapping s ta r t  time f o r  the conditions 

specif ied;  it, computes t h e  change i n  incident  angle during the  formation of 

t h e  SAR map and it computes the  range of useable pulse  r epe t i t i on  frequen- 

c i e s  (p r f ) .  

SARTREK 

Each of these functions w i l l  be discussed i n  turn.  

Program SARTREK reads the  spec i f ica t ion  of the simulation parameters sc  - 
p l i ed  by the  user.  These spt -.ifLCations are l i s t e d  below. 

f i e s  ce r t a in  parameters descrihing the  planet  about which t h e  SAR i s  

orbi t ing.  These parameters are; 

Pie user  speci- 

1. Planet Name ,  

2. P l a n e t  Equa5orial Radius, 

3. Planet Eccent r ic i ty ,  

4. Planet Gravi ta t ional  Constant,  

5. Planet Rotational Rate and 

6. Time of Prime Meridian Passage. 

The planet  name i s  used siupl;* as an i d e n t i f i e r  f o r  t h e  set  of da ta  which 

describes t h e  p lu l e t .  The equator ia l  radii  , and t he  planet eccent r ic i ty  

determine the  Fhape of t h e  planet.  The length of the  radius  vector from 

the  center  of the  planet  t o  a point  on i t ' s  surface i s  a function of l a t i -  

tude. The planet i s  assumed t o  be symmetric i n  longitude. By modeling the 

plane!. i n  t h i s  manner one can inves t iga te  the  degradation i n  a SAR map due 
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t o  assuming i t  t o  be a s p h e r i c a l  p lane t .  The p l a n e t  g r a v i t a t i o n a l  cons tan t  

i s  necessary t o  def ine  t h e  sRte1li:e o r b i t .  The p l a n e t  ro ta t ior ia l  rate a n d  

rad ius  at t h e  p o i n t  being mapped are necessary i n g r e d i e n t s  i n  t h e  computa- 

t i o n  of t h e  d i s t a n c e  between scatterers i n  t h e  terrain and t h e  antenna phase 

c e n t e r  on a pulse-to-pulse b a s i s .  Unlike t h e  a i r ~ r y f t  case,  uhe t e r r s i n  

cannot be considered s t a t i o n a r y  i n  t h e  G r b i t a l  s i t u a t i o n .  P lane t  no t ion  

inf luences  t h e  Doppler s h i f t  observed f r c l m  t h e  t e r r a i n  and ii1t?.oSluces range 

ga te  p o s i t i o n i n g  problems. 

at  which t h e  p l a n e b ' s  prime merid-'an c rosses  a f i x e d  referer,ce p o i n t  i n  

i n e r t i a l  space. For t h e  e a r t h  t h i s  re ference  is t h e  p o i n t  a t  which t h e  

verna l  equinox occurs. 

The t.ime o f  prime meridian passage i s  the  time 

The user  s p e c i f i e s  t h e  c b i t a l  parameters t o  be us;d. They are lis+.eCi below; 

1. Orbit  I d e n t i f i c a t i o n ,  

2. The Seai-Major ax is  of t h e  c r b i t ,  

3. Th? Orbit  Eccenrr ic i ty ,  

4. 
5. me Argument of t h e  Perigee,  

6. 
7 .  The Time o f  Per igee Passage. 

The I n c l i n a t i o n  of t h e  O r b i t ,  

"he Longituee of  t h e  Ascending Node a n d  

Again t h e  o r b i t  i d e n t i f i c a t i o n  i s  a serial  number used t o  i d e n t i f y  t h e  s e t  

of parameters with which i t  i s  assoc ia ted .  The semi-major axis of  t h e  o r b i t  

e l l i p s e  determines t h e  s c a l e  o f  t h e  o r b i t .  The o r b i t  e c c e n t r i c i t y  de te r -  

mines t h e  shape of t h e  o r b i t .  A n  e c c e n t r i c i t y  o f  0 s p e c i f i e s  a c i r c u l a r  

o r b i t  and an eccer l t r ic i ty  d f  one s p e c i f i e s  a parabola .  E c 2 e n t r i c i t l e s  bet-  

ween zero and  one y i e l d  an e i l e p t i c a l  o r b i t .  The ; . . : l inat ion 3f t h e  o r b i t  

s p e c i f i e s  t h e  angle between t h e  plane of  t h e  o r b i t  and t h e  e q u a t o r i a l  plane 

of  t h e  p l a n e t  being orb i ted .  The longi tude  of t h e  ascending r-ode s p e c i f i e s  

t h e  o r i e n t a t i o n  of  t h e  o r b i t d  plane about t h e  north-south a x i s  o f  t h e  

p lane t .  l'he argument of t h e  per igee specii'ies t h e  o r i e n t a t i o n  of t h e  :najor 

a x i s  of  t h e  o r b i t  e l l i p  - i n  t h e  plane of t h e  o r b i t .  Las t ly ,  t h e  t i m e  o f  

per igee passage determines t h e  l o c a t i o n  of  t h e  radar  platform i n  t h e  speci-  

f i e d  o r b i t  at a qi-ren time. 

The user  s p e c i f i e s  Lhc p a r m e t e r s  of  t h e  tf!r-rain model. These include;  
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1. The l a t i t u d e  of  t h e  terrain,  

2. The number, c ros s  s e c t i o n  ana i x a t i o n  of d i s c r e t e  s c G t t e r e r s ,  

3. The number, s i z e  and l o c a t i o n  of each homogeneous f i - l d s  a d  

4. The s c a t t e r e r  der.si ty and s t r e n g t h  w i t h i n  each homogenems f i e l d .  

,These paran-eters w i l l  he  discussed i n  d e t a i l  i n  t h e  se:t lon whlnh 4 e s c i i b t s  

t h e  t e r r a i n  model. 

The u s e r  also cpecii ' ies t h e  SAR r a d a r  and p rocesso r  parameters.  

meters are l i s t e d  below; 

"he para- 

1. 

2.  

3. 
4. 

5 .  
6 .  
7 .  
8. 
9. 

Radar conf igu ra t ion  i d e n t i  f i c b t i  on, 

Radar wavelength, 

7roLin$ :-Age sample i n t e r v a l ,  

Azimuth r e s o l Q t i o n ,  

Azimuth sampling i n t e r v a l ,  

Ralar impulse response shape, 

Doppler weighting func t ions ,  

P c l s e  r e p e t i t i o n  frequency and 

Overlay r a t t o .  

The r a d a r  configurat-1-n i d e n t i f i e r  i s  a ser ia l  number used t o  denote t b e  s e t  

of parameters w i t h  which it i s  associate( '  Most of these parameters need no 

a d d i t i o n a l  e m l a n a i i o n .  The u s e r  s p e c i f i c s  t h e  ground range sample i n t e r v a l  

des i r ed .  Once SARTREK has determined t h e  rnqying geometry it determines 

and r e p o r t s  t o  t h e  u s e r  t h e  s l a n t  range sample i n t e r v a l  r. quired t o  y i e l d  

the d e s i r e d  r e s u l t s .  The radar impulze response shape, which determives t h e  

system range - e so lu t ion ,  j s  s p e c i f . e d  i n  tenns of t h e  slatit raz-7 sample 

i n t , e r v a l .  

The u s e r  s p e c i f i e s  t h e  mappirig geometry by j n d i c a t i n g  t h e  d e s i r e d  n a d i r  and 

squ in t  a?gle end t h e  swath width. 

Tne r ada r  plntform 1s  s p e c i f i e d  by t h e  o r i e n t a t i o n  o f  t h e  p l a t fo rm body a x i s  

at t h e  s tar t  of mapping and t h e  p l a t fo rm r o l l ,  p i t c h  and yaw rates. 

The antenna i s  s p e c i f i e d  by t h e  fol lowing;  

1. Antenna i d e n t i f i c a t i o n ,  

2. Antenna ga in  p a t t e r n ,  
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3. Location of t h e  anteva phase center with respect to the  

ylrstfonn body axis c a r d i n a t e  sysL,em, aqd 

Oriectatim of t h e  antema coordinate system with 

respect t o  t he  platform body axis coordinate system. 

4. 

Again, the  antenna iden t i f i ca t ion  is just a number used tc identifSr a par t i -  

cular set of antenna parameters. 

table of values vhich specify antenna gain as a function of the  boresight  

angle thmn& vhich t h e  energy passes t o  m d  frm t h e  antenna. 
t i n g  the user io separat.e t h e  phase center of t h e  antenna and t he  center of 

mass of the platfona, t h e  siznulatior can be used to  model t h e  effects o f  im- 
proper s tab i l iza t ion  of t h e  radar platform on t h e  image. 

oiiea2ation of t h e  antenna coordinate system can be used to s t u @  t h e  ef- 

fects of antenna p i n  Liw eA L-OFS. 

The antenna gain pa t te rn  i s  read as a 

By Frmit- 

Similar ly ,  the  

Program S A t i i .  also c 

array. The user has s p  -1 t i ed  the  p l a t f o m  c r b i t ,  t he  planet ,  t h e  l a t i t u d e  

a i  which the  t e r r a i n  t o  be mapped i s  located and the  mapping geometry. The 

programs takes  ,nese parameters and computes those times i n  t h e  satellite 

o r b i t  for which t i  spec i f ied  conditions are met. SAKTREK produces the  p lo t  

shown dn Figure 2. 

view 02 the  results of h i s  spec i f icaLoas .  

are shovn. 

to the  equator. 

nadi r  angle at  60° and t he  sqLint angle at goo t o  t he  ~ . t ? f t  of  t he  ve loc i ty  

vector. 

mapping t i m e .  For the case i l l u s t r a t e d  t h e  g r o u d  t rack starts j u s t  over 

nurchwstem Turkey. The prog-xn a l s o  draws a l i 7 e  from the ground t rack  

t o  t h e  center  of the map. For t h i s  case t h e  l i n e  is perpendi-ular to t h e  

s a t e l l i t e  grouni Lrack r e f l cc t ing  the  goo squint angle specif ied.  

t h a t  the pi'3gram locates  th ree  o the r  mapping iocat ions which satisl'y t h e  

requirements during the  two o rb i t s .  The s i m d a t i o n  uses the f i r s t  one 

found. 

4s t h e  map start t i m e  and t h e  l e r g t h  of t h e  SAR 

This p lo t  is used t o  provide the  user w i t h  a general  

i h e  grotmd track of two o r b i t s  

In  the  fAgurc shown t h e  crbit is c i r c u l a r  and inc l ined  at 45O 
The user has se3 the  t e r r a i n  at 45' norih l a t i t u d e ,  the 

me program begins p lo t t i ng  the  -round t r ack  a t  start of the f i r s t  

Note 

Program SAR"REX a l s c  ,mputes and repor t s  t o  t h e  &er the  change i n  incident  

angle which occuric? -.wing +,he t i m e  of map formation. The program computes 
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the  lengtfi 01 the 8rrey necessary t o  provide the desired resolution and 

f r a  this and the geaetrg of the given mapping situation canputes the 

@enge of incident angle during the map. 
terrain simulation to  be used there t o  change the ref lect ivi ty  of the  ter- 
rain it the change i n  i n c i d a t  angle is large enough t o  warrant such a 

This infomation is passed t o  the 

d=w* 

SARTRB# also caatputes a sirggested range of prf 's  t o  the user. 
rmges are based on the fbllowing criteria. 

enaugh t o  pennit at least t w o  pulses per resolution cell. Second, the prf 
should be lw enough t o  preclude range ambiguities vi thin the  range extent 

of the antenna main lobe footprint on the gromd. Thirdly, the  prf should 

be high enough t o  preclude azimuth ambiguities w i t h i n  the  cross range extent  

of the antenna mainlobe footprint. Fourthly, the prf m u s t  preclude eclip- 

s iq ,  that is, the system m u s t  not emit a pulse during She t i m e  echoes are 

being received fxwnthe desired swath. 

requirements are reported t o  the user. 
vhatever prf he desires. 

These prf 

F i r s t ,  t h e  Srf m u s t  be high 

P r f  ranges which sstisfy these 

However, the user is free t o  select  

4.0 T E R W  - THE TERRAIN MODEL 

Pmgm TERRAIN produces a set of data which represent t h e  terrain.  
general terrain can be divided in to  two types of scatterers, discrete and 

extended. Discrete or point scatterers w e r e  usually relatively small ob- 

jects, often man-made such as automobiles, buildings, etc. , aAy object that  

is character5zed by stnmg, specular, localized reflection. The extended 

or homogeneous scatterer is a larger ta rge t  such as a forest o r  wheat f ield.  

The cross section of 811 extended target is fa i r ly  uniform xithin a given 

area. For many purposes t h e  cross section of an extended target i s  speci- 

fied as cross section per w.i t  area. 
ac abounded area, the in te r ior  of which is ,et t o  some cross s e c t i m  per 

unit area. 

geneous targets i n  
hanogeneow areas of a SAR image can exhibit an effeyt kno-m as coherent 

speckle. Cohere, . eckle appears i n  the S M  inage as dark winding t ra i ls  

of various lengths. 'Ihe origin of coherent speckle l i e s  f n  t h e  fact  t h a t  

backscatter from a "homc;,tneous" area is rea l ly  due t o  reflection fran many 

In 

This leads t o  simulating such a target 

!hi$ representation is not sufficient for representing homo- 

SAR application. As R result of coherent processing, 
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scat+Rr points v i t h i n  each reso lu t ion  cell. 

received p e r  f r a n  each cell depends on t h e  complex sun of  t h e  echoes from 
the m a n y  discrete scatterers in each reso lu t ion  cell. 
cells containing the same nrmaber of i d e n t i c a l  scatterers would y i e l d  dif- 

ferent received paver due t o  differences i n  t h e  spacing of t h e  scatterers 
within the re3olut ion cell. The degree t o  vhich coherent speckle  affects 

the image is a function of t h e  width of t h e  mainlobe response with respect 

t o  spacing of t h e  scstterers within the  reso lu t ion  cell, t h e  sampling in t e r -  

val and t h e  amount end type of incoherent in tegra t ion .  

herent speckle increases t h e  variance i n  t h e  measurement o f  cross sec t ion  

in a homogeneous f ie ld  and thus  increases t h e  e r r o r  i n  t h e  estimate of cross 

section. 

various SAR p a r m e t e r s  on t h e  system's a b i l i t y  t o  detect small differences 

in cross section of adjacent  hanogeneous areas, it is necessary t h a t  t h e  

simulation support t h e  o r i g i n  and propagation of  coherer t speckle. 

reason t h e  t e r r a i n  program models homogeneous areas as a col lec t ion  of many 

p i n t  scatterers. The user specifies each homogeneous f i e l d  as a r e c t a -  

war area. 

t h e  center  of the  t e r r a in .  

scatterers and t h e  number pe r  resolut ion cell. 

Futes t h e  required number of s c a t t e r e r s  and places them at random within the 

ex ten t  of t h e  f i e ld .  

areas. 

t i o n  of each scatter is  spec i f i ed  with respect t o  t h e  center  of t h e  t e r r a i n  

being modeled. 

p l i shed  by t h e  next program i n  the  cuain. 

placed at any desired l a t i t u d e  without rerunning program TE3.FAIN. 

user's option T E R R A I N  produces a p lo t  of t h e  t e r r a i n  for inspection. Such 

a p lo t ,  showing a s ing le  homogeneous f i e l d  and four  d i sc re t e  s c a t t e r e r s  i s  

shown i n  Figure 3. 

For a coherent processor t h e  

Thus two reso lu t ion  

The presence o f  co- 

Since one purpose of  t h e  simulation is t o  assess t h e  e f f e c t  o f  

For t h i s  

The center  and extent  of t h e  area is  spec i f i ed  with respect  t o  

The user also spec i f i e s  t h e  s t rength  of  t h e  

Program TERRAIN then can- 

The user may specify up t o  nine such homogeneous 

Up t o  f i f t y  discretes may also be specif ied.  Note +!AtSt t he  loca- 

Placement of t h e  t e r r a i n  on t h e  planet  surface is accom- 

Elis pe rn i t s  t he  t e r r a i n  t o  be 

A t  t he  

5.0 SLNTRNCE - THE sLmr RANGE COMPUTATION 

The program SLNTRNGE has three  functions. "he f irst  of these is t o  mmpute, 

f o r  each pulse,  t he  s l a n t  range between each s c a t t e r e r  i n  t h e  t e r r a i n  and 

the  phase center  of  the  antenna. Figure 4 ind ica tes  the  F,eometry involved. 
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The loca t ion  of each scatterer is hovn with respect t o  t h e  t e r r a i n  COI 

ordinate system. 
relative t o  t h e  planet  cen ter  since t h e  user has specified t h e  l a t i t u d e  of 

the terrain ara SARl'REK has computed t h e  longitude at which it m u s t  be  

placed t o  be mapped A p r n  t h e  given orbit  and geometry. 

longitude yield t h e  d i rec t ion  of t h e  vector  from t h e  planet  cen ter  t o  t h e  

t e r r a in  center. The radius of t h e  planet  at t h e  l a t i t u d e  ind ica ted  gives  

t h e  length of t h e  vector. 

planet  cen ter  t o  t h e  center  o f  m a s s  o f  the  SAR platform. 

t h e  platform mass center  t o  t h e  phase center  of the  antenna i s  dependent 

on t h e  loca t ion  of  t h e  antenna v i t h  respect to  t h e  mass center  and t h e  

or ien ta t ion  of the platform body axis. The vector  between t h e  scatterer and 
t h e  antenna phase center  can be found once t h e  o the r  four  vectors  are knovn. 

This ccmputation involves several coordinate transformations repeated f o r  

each scatterer and each pulse. 

code t h a t  accomplishes t h i s  as e f f i c i e n t  as possible. 

The loca t ion  of t h e  cen te r  of t h e  t e r r a in  is known 

The l a t i t u d e  and 

The o r b i t a l  parameters y i e l d  t h e  vector  from t h e  

The vector  fran 

Much a t t en t ion  has been given t o  making t h e  

A t  - the r  function of SLNTRNGE is  t o  compute t h e  angle between line-of-sight 

t - each scatterer and t h e  antenna boresight.  

with t h i s  angle is looked up i n - t h e  antenna gain pa t t e rn  t ab le .  

is then appl ied t o  t h e  scatterer s t rength.  

1.onslming task. 

angles subtended by t h e  t e r r a i n  patch for ei. -.- pulse and r e s t r i c t i n g  t h e  

gain pa t t e rn  search within these  bounds. 

The gain t o  be associated 

This gain 

This a lso  is a po ten t i a l ly  time 

Time has been saved i n  t h i s  area by computing t h e  antenna 

The f i n a l  function of SWTRNGE is to reduce the echo s t rength  i n  accordance 

v i t h  t h e  space loss over t h e  s l a n t  range. 

The output of SLNTRNGE is a set  01' -*ant ranges and t h e i r  associated echo 

s t rengths  f o r  each s c a t t e r e r  on each pulse.  Note t h a t  f o r  each pulse 

SLNTRNGE computes the  range t o  all the  sca t t e re r s .  

pulse-to-pulse b a s i s  lis t h e  satell i te moves. It is  t h i s  range change with 

time t h a t  appears as a Doppler frequency i n  the  S A 3  processor. Program 

SLNTRNGE will p l o t  t h e  range p r o f i l e s  f o r  a given pLlse at the  user 's  option. 

Figure 5 shows two examples of these plots .  

from a t e r r a i n  model which contained seven a i sc re t e  t a rge t s .  The lower 

p lo t  was produced from a terrain model consis t ing of a single homogeneous 

These ranges change on a 

The upper p lo t  was produced 
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field. "he reduction is dumity of the scatterem at the near and far eae  
of the terrain is c-ed by mapping the f ie ld  inn a diagonal aspect. Both 
of these plats vere produced by the airborne SAR simulation. 

Ibc obJcctive of Program COlpMLVE is t o  colapute the  in te rac t ion  between the  

rsdar ?mal, the terrain and the radar receiver  to  produce the IPQ video 

sieLKl to be processed by the SAR processing portion of the  simulation. 
overall simulatian cau be divided into two parts. 

with the . t e r ra in  and progresses to the  IPQ video (-rams TERRAIN, SLNTFJGE 

and coavaLvs). 
e representa t im of the terrain which is the  SkR map (Programs MOCO, SARP 

and SARD). 

The 

The first pa r t  starts 

The second part begins v i th  the  IPQ video and moves back t o  

Ihc antmi; and radar are ass-ed to  be l i n e a r  networks. 

tion the output of the radar receiver is the  convolution of the received 

signal and the radar impulse response, 

Under t h i s  assmp- 

H(x) = F(x) G(x), (1 1 
where 

F(x) is the input s igna l  i n  the  t i m e  domain, 

U(X) is the  radar impulse response flmction, 

H(x) i s  the IPQ video and 
* i s  t h e  convolution operator. 

The input s ignal ,  F(x), has been computed by SLNTRNGE and the  radar impulse 

response flmction has been specif ied by t h e  user. 
canputed d i rec t ly  o r  by using Fourier transform theory. 

convolution of two functions is  the transfom of t h e  product of their  t rans-  

forms. 

The convolution can be 

Recall t h a t  t he  

Using bars t o  d e r d e  Fourier transforms, 

This formulation grea t ly  speeds t h e  convolution process. 

must be computed once fo r  each pulse. 

not vary with t i m e  so G(x) need only be computed mce. 

result of t h i s  process. 

shows the  output of SLNTRNGE. 

*. 4.. 

The convolution 

"he impulse response function does 

Figure 6 shows the 

Diagram a shows the  impulse response and diagram b 

Diagrams c and d are  the I and Q components 
I .  ..: 4 i 

'. ,' .. I * 
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of the IPQ video obtained f r o m  the  convaution. 

7.0 NOCO - MOTIOEJ COWENSATIOP; 
Program MOCO has two objgctives. 
motion compensation o r  focusing 011 the  IFQ video waveform. 

Ject ive is tc  accomplish the  orthogonal read or "memory corner turning" 

necessary t o  f'urther processing of t he  SAR signal. 
array on a point  i n  space is accanplished by adJusting the  phase of the  IPQ 

signal  f b r  each pulse so t ha t  thr  t o t a l  t i m e  required f o r  a s igna l  t o  travel 
from the focus point t o  the  phase center  of t h e  antenna is  t h e  same f o r  a l l  

pulses. 
t he  antenna phase center  i s  known exactly. 

The first is t o  introduce t4e e f f e c t s  of 

The second ob- 

Focusing the  synthet ic  

In  t he  simulation the  location of the scatterer v i t h  respect t o  

Thus perfect motion canpensation 

o r  focusing is possible. 

the location of the antenna phase center  with respect t o  the  map center can 

be introduced in to  MOCO t o  study the  e f f ec t s  of errors i n  motion compensa- 

t ion.  

In  real systems t h i s  is .. + t he  case. Errors i n  

The second function of EIOCO is the  orthogonal reordering of t h e  data. 

data are accumulated on a pulse-to-pulse basis.  Each pulse contains a 

sample at each range interval .  

sented i n  range bin order. 

of each range bin. 

SAR 

%%e Doppler processor needs the  data  pre- 

That i s ,  the  processor needs the  time h i s to r i e s  

8.0 
In one sense of the word, t h i s  portion of the  SAR model i s  not a simulation 

a t  all. 

operat i -mal  SAR processor mainly i n  the  machine on which it i s  implemented. 
Program SARP i L  a bczsic Fourier transform processor. 

MOCO i s  weighted by the  flmction of the  user choice. 

transfotrned range bin L L  rar.ge bin and resu l tan t  spectrum is passe? t o  the  

next program i n  the simulation. I f  the  user desires ,  program SARP w i l l  

produce a perspective p lo t  of t h e  f i l t e r  magnitudes for  each range b i n .  

Figure 7 shows such a plot  fo r  a t e r r a in  model consisting of seven d iscre te  

ta rge ts .  

SARP - THE SAR PROCESSOR 

The d i g i t a l  Doppler processor i n  t h i s  simulation d i f f e r  from an 

The IPQ Video from 
These data  are  then 
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9.0 SARD - THE SAR DISPLAY 

The purpose of program SARD I s  t o  d i q l a y  the  f i l t e r  magnitude da ta  as the  

final SAR map. The progrm has th ree  bas i c  functi0r.s. The first i s  t o  over- 

lay  the  Filter magnitudes i f  the overlay option is se lec ted  by t h e  user. I f  

overlay is se lec ted  the  corresponding f i l t e r  magnitudes from t h e  map€ in- 
volved are  averaged and the  result becomes t h e  f i l te l  magnitudes displayed. 

lke purpose of t h i s  nonc3herent in tegra t ion  i s  t o  reduce coh2rent speckle 

and th:: e f f e c t  of sampline g r i d  plncement. 

lke second function i s  t o  convert the  f i l t e r  magnitudes t o  grey shade leve l? .  

The high resolut ion has 16 grey shades. The grey shade assignments ir,.olve 

napping the  f i l t e r  magnitude values i n t o  grey shades i n  accordance with the  

user's spec i f ica t ions .  

The f i n a l  function of SARD i s  t o  communlcate t h e  grey shade da ta  f r o m t h e  

computer t o  the  display memdry where it i s  t r ans fe r r ed  t o  the  CRT. 

shows photographs of various modeled t e r r a ins .  These images were produced 

by the  airborne SAR simulation. The radar  w a s  i l luminat ing t h e  t e r r a i n  from 

a near diagonal aspect.  

consis t ing of seven d i sc re t e  s c a t t e r e r s  arranged along t h e  front and back 

s ides  of a square with one scatterc:r i n  t he  center.  For these images the  

resolctior. c e l l  vas not sniuare, t h i s  l e d  t c  the  deformation of t h e  image 

t h a t  can be observed ix the f igure.  

square honogeneous f i e ld .  Detai l  "c" is t h e  imagr f o r  e nomogenems f i e l d  

with la rge  d iscre tes  a t  each corner. 

Figure 8 

Detail "a" shows the  SAR image f o r  a t e r r q i k  model 

D c a L a i l  "b" i s  t h e  image f r ex  a scrL&e, 
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SUMWRY 

In an SAR mapping system, the pixel size for best picture quality is not 

always known. 
pixels .if it turns out after processing that such fine resolution was not 

necessary and that several adjacent pixels therefore need to be combined. 

The product of looks per pixel and number of pixels in the scene is kept 

constant. 

Rayleigh statistics, the expression for pixel SNR incorporating both speckle 

and additive white Gaussian noise is derived. We conclude that it is pos- 

sible to use fine resolution and leave the large-area estimate slightly but 

not much worse than if the larger pixel size had been initially decided upon. 

Here we investigate whether it is worthwhile looking at small 

Assuming that the returns from all the resolution cells obey 

1.0 INTRODUCTION 

Speckle reduction in SAR requires incohcrent averaging over several inde- 

pendent looks at each pixel. [l]. [2], 133. 

the best pixel size, we should :ake the maximum allowable looks at pixels 

of that size to get speckle reduction. 

best pixel size is, which might happen in mapping unknown surfaces. 

it not be better to design the system to take fewer looks at smaller pixels? 

(We ignore additional processing requirements which would arise for digital, 

though not lor optical, proces- ,rs, btit do consider that the system power 

is fixed.) 

areas (n, M, k integers) and k looks are taken at each sub-area and the 
average of the ic reflectivities is taken as the estimate of reflectivity for 

that sub-area. If it is later decided that an estimate of the reflectivity 
of area G is -equired, this can be obtained by averaging over the estimates 

for the n sub-are~s. In the Eollowing, we define pixel SNR i n  the presence 
of speckle and additive white Gaussian noise as in [l] 

If we can settle in advance on 

But suppose we aren't sure what the 

Might 

Suppose a large area r is divided into n = M/k resolvable sub- 

and derive the 
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expression f o r  p i x e l  SNR as a func t ion  of n. 

is assumed to  nbey Rayleigh s ta t i s t ics .  

The r e t u r n  from each sub-area 

2.0 PIXEL SNR FOR k LOOKS AT n - M/k AREAS 
L e t  A I ,  A*, 0 -  

component (in-phase (I) and quadrature  (Q) of t h e  r e t u r n  amplitude from 

t h e  j t h  look a t  t h e  i t h  sub-area is ( a f t e r  Butman and Lipes  [I])): 

An be t h e  mean power r e t u r n s  from t h e  n sub-areas. Each 

5 i j  = "rj  + "Iij 

'Qij -'Qij + n Q i j  (2) 

(1) 

where t h e  a's are t h e  s i g n a l  components and t h e  n's are n o i s e  components, 

Le. t h e  n and n are s t a t i s t i c a l l y  independent white  Gaussian n o i s e  
1 i j  Qi j  

with var iance  No/2 and t h e  aIij,  

Gaussian random v a r i a b l e s  with zero  mean and var iance  Ai/2. 

The power r e t u r n  is 

are s t a t i s t i c a l l y  independent 
aQij 

2 
Qi j  

+ r  P i j  = f I i j  

which is exponent ia l ly  d i s t r i b u t e d  with mean (Ai + No) and var iance  

(Ai + No)', f o r  each j from 1 to k. 
The estimate of power r e t u r n  from t h e  i t h  sub-area, a f t e r  averaging over  k 

looks is 

. k  
1 

P i  = p i j  J =i 
The var iance  of p f o r  independent looks i s  i' 

2 Ni = k [Ai + No] 
1 In  t h e  absence of no ise ,  t h e  mean s i g n a l  power i n  p is times t h e  sum of 

t h e  mean s i g n a l  powers f o r  t h e  p 
i 

i .e .  
i j  ' 

so t h a t  t h e  p i x e l  SNR which incorpora tes  both noise  and speckle  is 
& A, 

A 

SNR = 
Ai + *o 

This g i v e s  t h e  p i x e l  SNR t h a t  can be expected i n  t h e  es t imate  of t h e  power 

r e t u r n  or r e f l e c t i v i t y  of t h e  i t h  sub-area (which has s i z e  G/n i f  a l l  n 

(3)  

(4) 

( 5 )  

(7 )  
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sub-areas are equal).  

of t h e  l a r g e  r e s o l u t i o n  cel l  of s i z e  C is requi red ,  a f t e r  having processed 

t h e  d a t a  t o  g ive  a r e s o l u t i o n  s i z e  of G/n. 
averaging over t h e  estimates for t h e  n sub-areas. 

I n  t h i s  case t h e  estimate of  power from t h e  whole area is 

But now suppose t h a t  an estimate of  t h e  r e f l e c t i v i t y  

This  can be obtained by 

n 

i= 1 

1 
P = ;  E: p i  

where pi is exponent ia l ly  d i s t r i b u t e d  with mean (Ai + No) and var iance  

(Ai + No> /a .  
Now t h e  p i x e l  SNR becomes 

2 

& b1 + * -  + An] 
S 

2 2 + * -  + (An+No> 

( 9 )  

W e  assume now t h a t  t h e r e  is a v a i l a b l e  a t o t a l  power MF' which is i n c i d e n t  on 

t h e  n sub-areas i n  k looks.  Thus, i n  one look, a t o t a l  power - is in- 

c i d e n t  on t h e  whole area G and, i f  t h e  n sub-areas are equal,  
M P M P  - = - = P is inc ident  on each sub-area G ;  l e t  t h e  mean r e t u r n  power i n  kn N 
each look i n  t h i s  case be A. 

on each of n > 1,sub-areas  G/n, a t o t a l  power nP is inc ident  on t h e  area G 

and t h e  mean r e t u r n  must t h e r e f o r e  be nA. 
Theref ore ,  

MP 
k 

Thus, i n  t h e  case where power P is i n c i d e n t  

nA = A1 + A2 + * *  + An (10) 

where A1, * *  

n sub-areas. 

Now consider  t w o  n-dimensional v e c t o r s  

An, as def ined before ,  are t h e  mean power r e t u r n s  from t h e  

a J ((A +N )(A2+No) a * *  (An+No)) - 1 0  and 

- b = (  1 1 . *  1 ).  

Then Schwartz's i n e q u a l i t y  

a * b  - < l a l l b l  

g ives  

n(A+No) 2dx A1+No) 2 + + (An+No) 2 

Let 
n(A+No) = r 6  dAI+No) 2 + * *  (An+No) 2 

where r 5 1. 
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Then Eq. (9) becomes 

& A  = r -  A + No 
& - A  &A 

A + No SNR], = & r - = .- A + No 
where 

3.0 SPECIAL .- CASES 

(1) When n = 1, w e  ge t  r = 1, and 
& A  SNR], = - A + No il8) 

so t h a t  taking M looks a t  the l a rge  area G and averaging gives the  bes t  

estimate of the r e f l e c t i v i t y  of the l a rge  area G. 

(2) 

then the  equal i ty  s ign  holds i n  Eq. (14) and again r = 1, i r r e spec t ive  of 

what n is. 

I f  t he  area G has uniform r e f l e c t i v i t y  so t h a t  the  A 's are a l l  equal, i 

I f  the  Ai 's  are not equal, then r < 1 so t ha t  w e  s a c r i f i c e  something i n  pixef 

SNR by not having decided on the  coarser  reso lu t ion .  

(3) When No = 0 ,  i.e., no noise is present ,  
n 

SNR] c; = rfi; 

which is unaltered i f  a l l  A i ' s  a r e  mult ipl ied by a common fac tor ,  so t h a t  

the var ia t ion  of SNRIG with n is independent of the  power incident on area G. 

4.0 
(1) 

CONSEQUENCES FOR VARIOUS DISTRIBUTIONS OF A, FOR Nu = 0 

For the  most extreme case where a l l  but one of the Ai a r e  zero: 

(20). 
1 r = -  
J;; 

A' (n=M) 
When n = M, t h i s  gives r = - so t ha t  SNR] = 1 while i f  w e  had n = 1, 
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= a, which is expected since we are getting 
G(n=l) 

it would have been SNR] 
only one non-zero return in all the H looks and thus effectively taking 
only one look at the whole area. On the other hand, if all the return comes 
from only one of the M sub-areas, that in itself would be of considerable 
interest. 

(2) 
interest can be classified as having Ai that are independent and uniformly 

distributed between 0 and Am, then we can get the expected value of r as a 
function of n. 

Uniform distribution of the Ai% If we assume that most scenes of 

n 
1 1  2 

2 (; i-1 Ai) 
1 "  - 1 Ai2 
n2 i=1 

r (n) = 

*Ill The numerator is a random variable with mkan equal to ( T ) ~  and a 
variance that becomes very small as n + w while the denominator is a random 

and negligible variance as n -+ 0 0 ,  so that variable with mean - Am2 
3 

lin = - = 0.866 (22) 2 

2 For finite n, r (n) is given by 

2 

2 
(a, + - 0  

r (n) = P .(ai) A1 

(where p 

evaluate explicitly for general n. However, for n = 2 ,  this can be evaluated 

for the uniform Ai distribution case, and gives 

(ai> = probability density function of A.)which is difficult to Ai 1 

r ( 2 )  = /- = 0 .92  

(3) Exponential distribution of the A.'s: If the A ' s  are independent and 

exponentially distributed with a mean value of Am, then for n + =, we have 

the numerator of Eq. (21) tending to Am2 and the denominator to 2A 2 so t h a t  

i .-I- 

m 

lin r(n) = - = 0.707 
n- Jz 
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Since all these values of t calw~lated in Eqs. (22) ,  (241, (25) are not 
significantly different from 1, ve conclude that, for a realistic dis- 
tribution of the Ai's, the pixel SNR does not get much worse if n is 
doubled or quadrupled. 
improved small-area resolution, (especially if k, the number of looks at 
each small area, is large enough to compensate for speckle) while leaving 
the estimate of the large area G if later desired, almost as good. 

It might be worthwhile doubling n for the sake of 

5.0 CONCLUSIONS 
If we are not sure what the best pixel size is, it seems to bc kctier to 
design the system to  take fewer looks each at smaller pixels. If the 
chosen (larger) pixel size is indeed correct, we will have sacrificed 
something in SNR. But if a smaller pixel size is better, we can at least 

get some (noisier) information about the smaller pixels, and we still have 
almost as good information about the larger pixe:s as if we had looked at 
the whole large pixels only. 
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EFFECT OF AMBIGUITIES ON SAR PICTIRE OlTALITY 

VIJAYA N. KORWAR 
DEPARTMENT OF ELECTRICAL ENGINEERING 
CALIFORNIA INSTITUTE OF TECHNOLOGY 

PASADENA, CALIFORNIA 91125 

RICHARD 6. LIPES 
JET PROPULSION LABORATORY 

4800 OAK GROVE DRIVE 
PASADENA, CALIFORNIA 91103 

CALIFORNIA INSTITUTE OF TECHNOLOCY 

SUMMARY 
In this paper, we investigate and simulate the degradation of picture qual- 
ity in a high-resolution, large-math SAR mapping system caused by speckle, 

additive white Gaussian noise and range and azimuthal ambiguities occurring 

because of the non-finite antenna pattern produced by a square aperture 
antenna. 

calculating the azimuth ambiguity function. 

counted for by adding, to each pixel of interest, appropriate pixels at a 

range separation corresponding to one pulse repetition period, but attenu- 

ated by the antenna pattern. A method of estimating the range defocussing 
effect which arises from the azimuth matched filter being a function of 
range is shown, 

graded by speckle and noise but no ambiguities. 

muth ambiguities don't cause any noticeable degradation (for large time 

bandwidth product systems, at least) but range ambiguities might. However, 

this latter degradation can also be removed by picture enhancement if the 

variation of terrain intensity as a function of rane;e is not too great. 

The effect of the azimuth antenna pattern was accounted for by 

Range ambiguities were ac- 

The resulting simulated picture was compared with one de- 

It is concluded that azi- 

1.0 INTRODlJCTION 
Range and azimuth ambiguities caused by the antenna pattern not being finite 
degrade the quality of pictures obtainable in an SAR mapping system. 

speckle and white Gaussian noise added by the receiver. 
So do 

When fine azimuthal 

resolution as well as large range swath are desired, range ambiguities be- 

come serious. We consider the worst case where the swath is so large that 
thz time between successive pulses is just sufficient to accomodate the 
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return from the  terrain between the  6 dB poin ts  of t he  antenna range pat tern.  

A square antenna aperture  is asoumed, so the  two-way antenna amplitude pat- 

tern is a (sinc) funct ion f o r  both range and azimuth, Thus, the first side- 

lobe is about 26 dB d m  below the  main lobe and the  response from pixe ls  

ly ing  outs ide  the  mainlobe are considered negl igible .  The points  halfway 

between the  beam d i r ec t ion  and the  f i r s t  zero of the  (s inc)  

an amplitude of (7) 
f o r  s implici ty ,  considered t o  be ha l f  t h e  width between the  f i r s t  zeros on 

e i t h e r  s ide.  A lunar p i c tu re  of 256 (azimuth) x 512 (range) 8-bit p ixe ls  

was taken and each p ixe l  degraded as described below. Each p ixe l  is assumed 

t o  correspond t o  a just-reeolvable  square cell .  F i r s t ,  each p i x e l  i n t ens i ty  

was replaced by a pa i r  of GaU8Sian random var iab les  t o  account f o r  speckle 

and addi t ive  white noise. The azimuth ambiguity was accounted f o r  by cal-  

cu la t ing  t h e  azimuth ambiguity function and superposing i t  on the picture .  

Range ambiguities occur because of re turns  from previous and succeeding 

pulses not being s u f f i c i e n t l y  a t tenuated by the  antenna pa t te rn .  

su i t ab ly  added. 

2 

2 funct ion have 
2 2  which is approximately 1 / 2 ,  so the  6 dB beamwidth was, 

These were 

The process of generating random numbers and adding appro- 

p r i a t e  mult iples  of ambiguous p ixe i s  was 

p ic tu re  compared with one having speckle 

curvature and the  e f f e c t s  of ro t a t ion  of 

2.0 THE SIMULATION 

2 e 1  SPECKLE AND NOISE 

repeated f o r  40 looks and the  f i n a l  

and noise  but  no ambiguities.  Range 

the t e r r a i n  were neglected. 

According t o  the  model developed by Butman and I Jpes  [l] , a given p ixe l  is 

formed by envelope-detecting an in-phase and quadrature s igna l  which a r e  con- 

taminated by receiver  noise ,  so t h a t  erch p ixe l  is represented by I and Q 

components 

Q V4 = aQ + n 

where a a 

noise  and 

* I and Q components of voltages i n  the  p ixe l  i n  the absence of I' Q 

nIbnQ = noise  vol tages  
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All four are s t a t i s t i c a l l y  independent (S.I.) zero-mean Gaussian random 

var iab les  (G  rvs) with %,aQ being iden t i ca l ly  d i s t r ibu ted  with var iance = 

x p ixe l  i n t c n s i t y  and n n being i d e n t i c a l l y  d i s t r ibu ted  with var iance = T I' Q - x noise  power, The p ixe l  power t h a t  is obtained a f t e r  co r re l a t ion  is 2 
2 

Q 2 + v  
p i  = "I 

which is an estimate of the  ac tua l  p ixe l  power 

2 
Q s = a 2 + a  I 

After  M looks the  estimate of p ixe l  power is 

1 *  
P = - l  Mi=l pi 

where 

(3) 

(4) 

( 5 )  

2.2 AZIMUTH AMBIGUITIES 

L e t  a(x)  descr ibe the  complex r e f l e c t i v i t y  of t h e  ground as a funct ion of 

pos i t ion  x of the  spacecraf t  a t  s l a n t  range ro and let  the  wavelength be A .  

Then the  s i g n a l  r e tu rn  obtained a f t e r  heterodyning with the  c a r r i e r  is 
0 

O(x) 5 I a(x' )  C(x-x') A(x-x')dx' ( 6 )  
-0 

9 

(7) 27ri XL 
rOX 

C(x) = e 

and 

A(x) = azimuth antenna pa t t e rn  

2 -35 
H(x) * - aD . - x (1+x2/ro A ro 

where D - length (or  width) of antenna aperture .  

The output a f t e r  matched f i l t e r i n g  is 
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I ~(x') C(x'I+x-x') A(x"+x-x') C(x") A(x") dx'dx" 

where P(T) is the correlation function of the A(x) C(x), i.e. of the azimuth 
chirp modulated by the two-way antenna pattern which is a (sinc)2 function. 

(This latter function is hereafter referred to as the chirp function.) 

The correlation function p(x) can be calculated by two methods: 

(a) 
(b) computer simulation 

the method of stationary phase 

For method (a) we consider x/r 1 and prop. 2.19, p. 45 of [3] which 
gives the power spectrum of 

0 

2 
(10) 

-2nix 2 /roX 

ax f (x)  = e 

f o r  the large time bandNidth product (TBP) case. The inverse of this is the 

correlation function of f(x) which can be calculated in closed form and is 

and is shown in Fig. 2, after normalizing to p ( 0 )  = 1. Method (b), in which 

the function f(x) was replaced by its main lobe only and sampled every D/4, 
In this case, the approximation x << r was dropped (it is not really valid 

0 
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f o r  l a r g e  swath). 

and 2nC),@00 and i n  each case  the  r e s u l t i n g  p l o t  is very c l o s e  t o  Fig.  2 wi th  

P(T) f a l l i n g  below a f t e r  T = D. 

To al low f o r  t he  p o s s i b i l i t v  t h a t  t h e  c o r r e l a t i o n  func t ion  used w i l l  be a 

r e c t  c h i r p  in s t ead  of a ( s i n c l  

t h e s e  two was evaluated by methods (a) and (b).  So was the m t o - c o r r e l a t i o n  

f u n c t i o n  of  t h e  rect ch i rp .  Th i s  latter i s  i tsel f  a s i n c  func t ion  w i t h  zero 

a t  r = D / 2  as expected wh i l e  t h e  cross-cc' e l a t i o n  of t h e  r e c t  and s i n c  

c h i r p s  is in t e rmed ia t e  i n  shape between t h e  au to -co r re l a t ion  f u n c t i o n s  of 

t he  rect c h i r p  and ( s i n c )  

l u t i o n  c e l l  i s  of width D/2, i t  seems t h a t  i n  no case do p i x e l s  beyond t h e  

f i r s t  on e i t h e r  s i d e  of a p i x e l  of i n t e r e s t  c o n t r i b u t e  t o  t h e  r e t u r n  f o r  

t h a t  p i x e l .  

Computer c a l c u l a t i o n  of P(T) was done f o r  TRP's of 256 

c h i r p ,  t h e  c r o s s - c o r r e l a t i o n  funct i o n  of 

2 c h i r p .  Remembering t h a t  t h e  b a s i c  azimuth reso- 

The f r a c t i o n  of t h e  a d j a c e n t  p i x e l  which must be  added t o  t h e  p i x e l  of i n -  

terest  is c a l c u l a t e d  as follows: 

Consider t h e  s i g n a l  r e t u r n s  from t h e  ground t o  be  d i s c r e t i s e d  wi th  one r e t u n ,  

i n t e n s i t y  accounting f o r  each r e s o l u t i o n  cel l .  The I (or (1) component of a 

s i g n a l  r e t u r n  is assumed t o  be  

z =  i j  Y i j  + ' ( v i + l , j  + v  i-1,j ) 

f o r  t h e  p i x e l  i n  t h e  i t h  azimuth and j t h  range; v 

random v a r i a b l e  f o r  t h i s  element and CY i s  an a p p r o p r i a t e  weight .  S i m i l a r l v ,  

i s  t h e  a c t u a l  Gaussian 
ij 

Since a l l  t h e  y ' s  w i th  d i f f e r e n t  s u b s c r i p t s  are independent,  

w h e r e  bars denote expected va lue  and we assume t h e  i n t e n s i t y  of i j t h  and 

( i + l ) j  t h  p i x e l  is approximately t h e  same 
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This means the ratio of the correlation between adjacent elements in the 

picture to the power of the pixel itself is 
23 R = -  (17) 

u2 + 2 

To evaluate o using the correlation function P(T) calculated before, we 

consider the correlated output for the continuous model of the ground (Eq.(9)) 
m 

a(x*) p(x - x')dx* (9) 
4 

We have for the correlation fupction of 

R(x - y) = G(x) G*(y) 
OD 

because o(x') and a(y') ai; S.I., 90 that 

Now p(x-x') and p*(y-x') have a very shcrt extent so that unless x and y are 
close, the integral i n  (18) is zero. If x and y are close, the integral 

over x '  is nonzero only over a short distance so that 1o(x')I2 is approxi- 

mately constant = o . 2 
OD 

.'. R(x - y) = o2 dx' p(x-x*) p*(y-x') 
-m 
m 

2 
= o a(x-y) 

where a(?)  is the autocorrelation function of p ( ~ ) .  

Now i f  a pixel extends from -D/4 to D/4, its adjacent one extends from 

D/4 t o  3 D / 4 ,  s o  i t  is centered a t  L/2. Thus. i f  x-y = D/2, -- R ( D/ 2 ) rep re- R(O) 
sents the same r;itio as R in Eq. ( 1 7 ) .  

( 2 1 )  

From Eqs. ( 1 7 )  and (21), 
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a(D/2)= 2a 
a2+2 

a D/Z 2 can be evaluated for the chirp (sine) 
4 0 )  
function of Fig. 2 and is equal to 0.493. 

20 :. 0.693 = - 2 a +2 
or a = 0.268 

by finding the correlation 

for the chirp (sincI2 function. 

adjacent pixels in azimuth. The weight factor required if a rect chirp were 

used in the matched filtering can be similarly calculated but was smaller 
than 0.268. So in the simulation the worst-case of a = 0.268 was used. 

This is the required weight factor for 

2.2 RANGE AMBIGUITIES AND RANGE DEFOCUSSINC 

No chirp or coding was assumed for the range direction,so adjacent range 
bins don't contribute to the ambiguity as in the azimuth case. Howzver, 

there is a more serious effect in this case, because one pulse on either 
side of the pulse of interest (corresponding to a range bin of interest) is 
quite intense because it lies in the mainlobe of the antenna range pattern, 

though outside the central half. 

this means that for each range bin there is exactly one range bin that 

contributes an ambiguity as shown in Fig. 1. The central 256 bins form the 

desired swath while the ambiguous range bin corresponding to the ith bin is 

the one at (i + 256) mod (512). Thus R1' is the ambiguous bin corresponding 

to R1,and R2' corresponds to R 2 .  

serious than the azimuth type (or the type that would additionally be 

present in range if range coding or range chirp were used) because 

while adjacent nixel powers don't vary much, those separated by 256 range 
bins do. 

Since only the mainlobe is considered, 

We say this kind of ambiguity is more 

There is, however, a mitigating effect: each pixel is affected by not 

just one, but several pixels in the ambiguoris range b i n .  This is because 

the azimuthal ambiguity €unction is a function of range thilt extends over 

several elements at the ambiguous range bin. If it ~- did not do so ,  each 

pixel in the ith range bin would have just the pixel in its azimuthal line 

in the (i + 256) mod (512) ra.ige bin adding to it and the variation with 
azimuth of the pixel intensity in the latter range bin would C ~ U S C  widely 
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varying numbers t o  be added to the pixel in the ith range bin. 

mitigating effect can be calculated as follows (in this calculation, the 

(sinc)' modulation in azimuth was neglected). 

range bin at range r is of the form e 1 
filter for the desired range bin at range r 

nitude of the cross-correlation function 

The 

The return from the ambiguous 

while the azimuth matched -2ni x2/r1A 

is e -211 x2/r,x. The mag- 
0 

CL n 

-2ni xL/r A * e  0 1  ( 2 5 )  

was evaluated by computer and found to be fairly constant over its extent, 

though the phase varies rapidly. 

another simplification to be made ir! the simulation: to be accurate, the 

I and Q randoa variables for the various elements in the ambiguous range bin 
weighted by the corresponding components of the cross-correlation function 

should have been added to the I and Q components of the desired pixel. But 
this is time-consuming. However, because of the rapid phase variation of 

r(T), this entire process of weighting and sunning was replaced by 
generating just two random variables with zero mean and with variance equal 

to the sun of the powers of all pixels in a range bin contributing to the 

are the I and Q ambiguity for a given pixel. That is, if y 

components of a pixel of interest, the range ambiguity was represented by 
adding two S.I. zero mean Gaussian random variables each of variance ' 5  T 

This rapid phase variation allows 

ik Q and y ik I 

i'k 

where c = squared magnitude of cross-correlation coefficients (i.e.* 
samples of r ( T ) )  

k 2  

pitk = powers of pixels in the ambiguous (i'th) range bin contributing 

ik t o  range ambiguity for p 

an i  a I = the attenuation due to the antenna range pattern at the i'th i 
range. 
The further approximation made is that the ck are all equal, which i s  what 

the computer calculation of r(T) indicates. These simplifications seem 

justifiable because the resulting pictures seem insensitive to just how many 
2 pixels r(T) extends over, as long as the area under the r ( I )  is kept the 

same. In the simulated pictures attached (Fig. 31, set IJI corresponds to 
the case where r(T) extends over 15 elements and set I1 to that where r(T)  
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extends over 7 elements, but otherwise similar. In addition computer 
print-outs for one range bin were obtained for r(T) spread over 25 and 51 
elements and were all seen to be very close. 

Another result that is obtained from the computer calculation of r(T) is 
that the area under r (1) is the same as that under the autocorrelation 2 

function of the chirp rect,vhich is normalized to 1. 
since correlating e 

This is to be expected 
-2nix2Irl~ merely spreads the energy of -2nix2/roA with e 

return over several pixsi, in the ambiguous range instead of focussing it 
into one pixel as it does if r 
if a quick estimation of T i'k 
number n of elements r(T) spreads over; then ck is l/n. 
can be obtained as follows: 

x Let v = velocity of spacecraft = - t 

= r . Thus, all that needs to be calculated 1 0  
is required without a computer is to find the 

A quick estimate 

(27) L T = time for which the rectangular chirp lasts= - 
vhere L = synthetic aperture length = 

V 
h r 0  - 
D 

2 2rrV , k = - ,  1 rlX 
2 

Let ko = - 2rrV 

',x 
-ikot 2 * .-iklt 2 :. r ( ~ )  = e 

TI2- I T 1  .l 
L 
dt 2 -iklt iko(t+T) e 

. .  

i(ko-ki)t2 ei2kot~dt e ik,; 
1 = e  

-T/2 

w!tich can be reduced to give 
2 2 I r(T)I = fc + fs 

a [TI2 + ko T /(ko-kl)l 
TX2 f c  =: j cos (7) dx a 

where 

4 a [-TI2 + k, T /(ko-k 
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a -  (33) 

2 2 It can be seen from t a b l e s  of Fresne l  i n t e g r a l s ,  t h a t  f c  and fs are 

a;rx*..t cons tan t  u n t i l  b o t h  upper and lower l i m i t s  of i n t e g r a t i o n  a r e  i about 
2 2 4. ,rid then f c  and fs s ta r t  f a l l i n g .  

2 Thi:s, I r ( T )  I is n e g l i g i b l e  when 

r i  ' i n g  

kO T 
ko-k 1 

a ( T - -  -$= 4 

1 - 

and t h e  time bandwidth product 

( 3 4 )  

(35) 

*here T = D/2v = t i m e  hetween success ive  pulses  (37) 0 

we get f o r  t h e  number of elements (of length  D/2) on each s i d e  t h a t  r(T) ex- 
I ends over ,  

A r T 1  4 A r 1  T 
- E - . - .  - + - .  - .  - 

0 0 
a r  T 2 T  To ro 

For l a r g e  TED only t h e  f i r s t  term on t h e  r i g h t  of Eq. (38) needs t o  be 

retal-ncd. 

extends over 1; cienients on e i t h e r  s i d e  of a c e n t r a l  one o r  n = 12 + 1 = 13 

elements i n  . a l l .  The computer c a l c u l a t i o n  of r ( T )  gives  n = 15. 

For t h e  s imula t ion ,  TBP = 2 5 6  and w e  g e t  r / i 0  = 6 so t h a t  r (T)  

2.3 --. OBTAirifNG - THE PICTURES 
The : 'mulation w a s  performed by 

(i; generat ing t w o  zero-mean S.I. G r v s  f o r  each of t h e  256 x 256 

,,;xels of i n t e r e s t ,  w i t h  var iances  equal  t o  % t h e  p i x e l  i n t e n s i t y  x t h e  range 

antenna funct ion f o r  t h e  pixel:  

( i i )  rqeneiating two S . I .  zero mean C rvs  with c o r r e c t  var iance  
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corresponding to range ambiguity, Eq. (26) and adding to the values in (i) 

above ; 

(iii) adding the I and G rvs respectively of one adjacent pixel on 

each side witha= 0.268 for the azimuth ambiguity, Eq. ( 2 4 ) ;  at this stage 

the CZ 177s correspond to a and a in Eqs. (11, (2);  

(iv) generating two G rvs corresponding to n and n with variance 

No = 10 on a 0 - 255 intensity scale (this value of No was chosen by finding 
the mean picture intensity to be 50 and requiring an SNR of 5); we now have 

vI and v of Eqs. (1) and (2) ; 

(VI squaring and adding v and v to get pi(Eq. ( 3 ) )  ; 

(vi) repeating (i) to (v) 40 times and averaging p to get p of Eq. ( 5 ) .  

Additive white noise N merely translates the distribution curve of pixel 

intensities in the original picture by an amount equal to the noise power, 

provided the noise is not so large that the variance it introduces into 

v and v is not averaged out by the nuder of looks taken. By sub- 

tracting that value of pixel power in the output below which lie less than 

5% of the pixels(in the output picture so far obtained), the noise is 

effectively removed. In addition, the contrast of the picture was in- 

creased by 'stretching' the range of intensities occupied by the picture 
(both the original and the simulated ones) to extend over as much of the 

0 - 255 range as possible. 

I Q 
I Q' 

Q 
I Q 

i 

0 

I Q 

3 . 0  PRWESSING AND RESULTS 
See Fig. 3. Pictures (a) and (b) are the 256 x 512 original and the 

256 x 256 original. The other 9 pictures are divided into sets of 3, each 

set being in one horizontal line. The topmost, set I, was obtained without 
azimuth or range anbiguities being added, but the antenna range pattern 
is superposed on the picture; speckle and noise are present in the picture; 

i.e., it was obtained as -in 1 . 3  but with a = 0 and T = 0 in Eq. ( 2 6 ) .  

Sets IT and I11 do have azimuth and range ambiguities as well as speckle 

and noise; the only difference is that Set I1 had the range ambiguity 
spread over 7 elements (n = 7) whjle set 111 had n = 15. There is no visible 

difference between the corresponding pictures of these two sets. 

- 

i'j 

In each set, the left most picture, i.e. (c), ( f ) ,  (i), was obtained as 
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described above; the second and third pictures of each set have additional 

enhancement techniques applied. We notice that ail 9 pictures are worse than 

the original because of speckle, but that mijor featdres are still recog- 

nizable in the central portions of all of them. However, the upper and 

lower edges, corresponding to the ends of the range swath, in (c), (f), (i) 

&ow the effect of the antenna range pattern attenuation and it is very 
difficult to distinguish craters and so on in these regions. Howevzr, (f) 
and (i) are almost as good as (a) in recognizability of features showing 

that ambiguities don't make much difference to the picture quality if further 

enhancement is not used, because the edges, where range ambiguities are most 

important, are attenuated in all three sets. 

The second picture of each set, i.e. (d), (g), ( j ) ,  was obtained by dividing 

each pixel power after 40 looks by the approximate antenna range pattern 
attenuation, and then subtracting white noise and 'stretching.' In all 

three cases, the edges now appear too bright--this is because the range 
ambiguity plus white noise at the edges are now enhanced 

features at the edges is just as difficult as in (c), ( f ) ,  and (i). 
and distinguishing 

The third picture of set I, i.e. (e), was obtained by first subtracting the 

white noise, i.e. 10 on a 0 - 255  scale, from each pixel power after 40 
looks and then dividing by the antenna range attenuation function. 

the picture was 'stretched.' Now it is possible to see more features at the 

edges than before. 

Then 

In the third pictures of sets I1 and 111, i.e. (h) and ( k ) ,  the white 

noise of 10 plus an estimate of range ambiguity was subtracted from each 
pixel and then this was divided by the antenna range attenuation factor and 

stretched. The estimate of range ambiguity used was equal to the average 

picture intensity (= 50)  times the antenna pattern attenuation at the am- 

biguous range bin. In all these pictures, i.e. (e), (h) and (k), the edges 
are now not too bright or dim and, in addition, (h) and (k)  are almost in- 

distinguishable from (e). 

4.0 CONCLUSIONS 

(i) 
pictures since the central areas, where range ambiguities are not important, 

The effect of azimuth ambiguities seems to be negligible in the 
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are not noticeably different in sets I, I1 and 111. 
from the fact that only adjacent pixels contribute to the ambiguity. 

(ii) The effect of range ambiguities, for the particular picture used here, 

is more or less removable by enhancement techniques, because the intensity 
of the ambiguous ranges is not too different from the mean picture intensity. 

B 9 t  this could easily not be the case and then, since the correct estimate 

of ambiguity is not available, the enhancement won't improve quality rery 

This is expected 

ach. 

(:ii) 
frr- Lhe fact that the pictures with speckle and no ambiguities are 

noticeably worse than the original, while the pictures with ambiguities 
and speckle are not too different from those without ambiguities but with 

speckle. 

Speckle is the major source of picture degradation, as can be seen 

5.0 - OTHER POSSIBILITIES 

One way to bring the mean intensity of pixels contributing to rdnge 

ambiguities nearer to the mean picture level is by spreading the energy in 

the ambiguous return over more elements. (Then the enhancement technique 

described can be used to remove the ambiguities.) 

using equal chirps of opposite sign on alternate pulses so that they don't 

correlate. Another way, suggested by Dr. J. R. Pierce, is to use opposite 
directions of circulcr polarization on alternate pulses. 

in fact, even reduces the total energy from ambiguous returns, ab long as 
the ground reflects the signal back more or  less circularly polarized. 

This can be done by 

This method, 
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SYNTHETIC APERTURE RADAR OPERATOR TACTICAL 
TARGET ACQUISITION RESEARCH 

MICHAEL L. HERSHBERGER AND DAVID W.  CRAIG 
HUGHES AIRCRAFT COMPANY 

CULVER CITY,  CALIFORNIA 90230 

SUlJMARY 

A radar target  acqu is i t ion  research study was conddcted t o  access the 
e f fec ts  o f  two leve ls  o f  13 radar sensor, d isplay,  and mission parameters 
on operator t a c t i c a l  ta rge t  acquis i t ion.  A saturated f rac t i ona l - fac to r i a l  
screening design was employed t o  examine these parameters. Data analysis 
computed ETA values fo r  main and second-order e f fec ts  f o r  the var iab les 
tested. Ranking of the research parameters i n  terms of importance t o  system 
design revealed four  var iables (radar coverage, radar resolution/mul t i p l e  
looks, d isp lay resolut ion,  and d isp lay s ize)  accounted fo r  50 percent o f  
the ta rge t  acqu'si t i o n  p r o b a b i l i t y  variance. 

2 

1 . 0 
Synthetic aperture radar (SAR) operator performance research was begun i n  

the mid-1960's and has continued a t  a modest l eve l  t o  the present time. 
Most of t h i s  research has been d i rected towards de f in ing  SAR sensor charac- 
t e r i s t i c s  f o r  l oca t i ng  large, l oca t i on  known, f i x e d  targets.  Only recen+ly 
have SAR sensors systems appeared su i tab le  f o r  operators t o  loca te  and 
designate small t a c t i c a l  targets.  There have been several l i m i t e d  i n i t i a l  
invest igat ions of SAR operator performance f o r  detection/recogni t i o n  o f  
small targets [l, 2, 3, 4, 5, 61. 

I NTRODUCT IQJ 

The ob jec t ive  o f  t h i s  research study was t o  i d e n t i f y  the important radar, 
display, and mission var iables i n  a quick response t a c t i c a l  ta rge t  acquis i -  
t i o n  mission. The resu l t s  o f  the study would i d e n t i f y  var iables which have 
a m - j o r  a f f e c t  on operator/system performance and which var iables are 
unimportant. 
t o  make be t te r  design decisions. 

This informat ion would al low designers and mission planners 
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2.0 METHOD 
To achieve the research object ive,  a number of var iables must be var ied and 
contro l led.  Recent work by Simon [7] has resu l ted  i n  the development of 
economical mu1 t i f a - t o r  behavioral research designs. The economy i s  based 
on the f a c t  t ha t  there are  very few meaningful in te rac t ions  beyond the 
second order i n  behavioral research. Simon recomnends a general behavioral 
research strategy tha t  proceeds from a la rge  mu l t i - f ac to r  screening study t o  
research i n  which functional re la t ionships are described using cent ra l -  
composite designs and f i n a l l y  t o  performance p red ic t i on  using system s i m -  
l a t i o n .  The f i r s t  step o f  th is  research strategy was adopted h:- the p ~ -  
sent study. 

The quick response mission scenzrio provided the foundation f o r  t h t  ' I "  

i n g  study i n  which two leve ls  o f  13 parameters were invest igated. 
study parameters are summarized i n  Table 1. 

Tilc. 1 3  

2.1 RADAR IMAGERY TEST EQUIPMENTy REFERENCE MATERIAL AND OPERATORS- 

High reso lu t ion  UPD-4 synthet ic  aperture radar imagery recorded dur ing 
m i l i t a r y  maneuvers i n  West Germany was csed. 
was reprocessed t o  provide the two leve ls  o f  radar reso lu t ion  required il: 
the study. 

The raw radar signa: f i l m  

The imagery was screened f o r  se lec t ion  of 32 simple and complex background 
scenes i n  which radar t a c t i c a l  targets were embedded. 
scenes were mounted i n  glass s l ides  and projected w i t h  a 12.7 cm op t i ca l  
p ro jec to r  onto a back-projection screen. The focus and projected iiiisge 
s ize  on the screen was adjusted t o  produce the required leve ls  o f  d isp lay 
reso lu t ion  and d isp lay s ize.  

The composite ta rge t  

Amy Map Service (RMS) 1 :50,000 topographic charts and mission/taryet 
descr ip tor  informat ion on 12.7- by 17.8-cm index cards served as b r i e f i n g  
and reference mater ia ls.  Operator/subjects used the charts dur ing ta rge t  
br ie f ing,  and the charts were avai lab le during each t e s t  t r i a l .  

Tact ica l  A i r  Command F-111 Weapon Systems Officers (WSOs) from N e l l i s  Air 
Force Base served as radar operators i n  the study. 
from 2n i n i t i a l  sample o f  60. 

E ight  WSOs were selected 
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TABLE 1 
STUDY PARAMETERS AND LEVELS 

Pa r a m  t e r  

Radar Resol u t ion/  
Looks 
Radar Coverage 
Display Resolution 

Display Size 
Target Type 
Backgromd Com- 
p l e x i  ty 
Target D i f f i c u l t y  
T3nget In te l l i gence  
Tar9e t Reference 
Point  
Ni:vigation System 
Er ror  
Navigation E r ro r  
Cursor Design 
Operator V i t i w i  ng 
Cis tance 
Mission Time 
h a i  1 ab1 e 

Low Level 

12.2 meters/4 looks 

4572 x 4572 meters 
5 ~ 0  x 500 elements 

12.7 x 12.7 cm 
c .'oy 
Compl ex 

i l i f f i c u l  t 

Low 
No 

- +610 meters 

Cross ha i r 

71 cm 

20 seconds 

- 
High Le. - 1  - -- 

High Re.: on/ 
1 look 
1524 x meters 
2000 x 2031 e le-  
men t s  
25.4 x 25.4 cm 
AAA s i t e  
Simple 

Easy 
High 
Yes 

- +91 meters 

C i r c l e  

36 cm 

60 seconds 

I -.- -- 

2.2 EXPERIMENTAL DESIGN 
The e f fec ts  o f  13 var iables were examined using a f rac t i ona l - fac to r i a l  
design. 
a t  two levels,  and a l l  o f  t h e i r  in te rac t ions  i n  a f u l l  f a c t o r i a l  design 
would requi re 213 o r  8192 observations per subject .  Clear ly,  t h i s  was an 
impract icably large number o f  condi t ions and some modi f icat ion was necessary. 
I n  most behavioral research i t  i s  reasonable t o  assume tha t  higher order 
in te rac t ions  account f o r  very 1 i t t l e  variance. With t h i s  assumption, a 
research s t ra tegy which, as a f i r s t  step, examines only the main ef fects o f  
each var iable,  i s  an economi .1 research approach. 

To completely speci fy  the e f fec ts  o f  13 independent variables, edch 
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Si- 171 describes an economical sampling strategy, referrvd t o  as a 
screening design, which uses a fract ional repl icate o f  a 213 factor ia l  
design. The basic design consists o f  16 selectee c-inations of the 13 
independent variables which i s  augmented w i t h  an additional 16 conditions. 
'the 32 to ta l  experinental conditions a l l o w  an estimate o f  the main effects 
along with a MlPber o f  aliased two-factor interaction strings. 

2.3 PROCEDURES 
Each operator received a one-hour fami l iar izat ion briefing, 32 t raining 
t r ia ls ,  and 32 tes t  t r i a l s  over a two-day period. Each operator was given 
a verbal brief ing which included: 1) a description of the study obJectives 
and an overview ~f what the operator would be doing, 2) a discussion o f  the 
application o f  SAR to the quick response mission, 3) a description o f  the 
radar, display, and mission parameters the operator would experience during 
the study, 4) a review o f  the LVN map gr id  system, and 5) a series o f  t ra in-  
ing t r i a l s  to  f a t i l i a r i r e  the operator w i t h  the parameters under investiga- 
tion. A wann-up t r i a l  was given before each test  t r i a l  because of the large 
differences i n  conditions that existed among the test  t r i a l s  due to changes 
o f  the 13 study parameters f r a n  t r i a l  t o  t r i a l .  Target acquisit ion time, 
orobability, and operator confidence estimates were the performance measures 
worded. 

3.0 RESULTS 
The objective o f  th is  study was t o  determine what parameters are important 
determiners-of operator performance i n  a simulated tact ical  s t r i ke  mission 
This screening study with 13 parameters was designed t o  accomplish th is  
objective. 
the dif ferent study parameters (ET8 squared) i s  the masure used to  make 
th is  determination. The ETA values f o r  each o f  the 13 parameters studied 
are given fo r  the three performance measures--target acquisit ion time, 
probabil i ty o f  correct target acquisition, and operator conffdence 
judgment . 

I n  th is  type o f  study the percent o f  variance at t r ibutable to  

2 

The t ime  measure used i n  the analysis was the percent o f  t i m e  used o f  the 
to ta l  mission time available. This measure was used t o  take incorrect t a r -  
get acquisitions in to  account i n  the an; - ;is of the time data. I f  an 

I 11-7-4 



operator found the wrong target or ran out of tire, the maxi- ti- availa- 
ble, 20 o r  60 seconds depending on the mission time available f o r  that  t r ia l ,  
was used as the time scare. The r a t i o  of t ine  available to time taken to 
acquire the target was the value wed i n  the analysis. 

Operator confidence data were analyzed by assigning a value o f  4 f o r  "high" 
confidence, 3 f o r  "medim" Confidence, 2 for "low" confidence, and 1 f o r  
t r i a l s  where the operators ran out of time. Although these values cannot be 
ass- to be on an interval  scale which, s t r i c t l y  speaking, i s  required by 
the analysis for ETA , they allow an approximate estimation o f  ETA values 
for the operator confidence judpent data. 

Following the presentation o f  results for percent of variance at t r ibutable 
to the parameters studied, those parameters determined as important w i l l  be 
discussed. 

2 2 

3.1 
Evaluatisn o f  the ETA2 values indicates that radar coverage, display reso- 
lution, and radar resolution were the principal parameters that  affected 
operator target acquisit ion performance. Radar coverage was the most 
important variable (smal l e r  coverage produced better performance) accounting 
fo r  30.1, 22.2, and 26.6 percent ETA2 values f o r  the time, probabil ity, 'and 
confidence judgment measures. Display resolution, the second most important 
parameter, accounted f o r  13.2, 12.5, and 17.6 percent o f  variance, respec- 
t ively, f o r  the time, probabil ity, and confidence judgment measures. Radar 
resolution was the t h i r d  most important parameter f o r  operator time and 
probabil i ty perfonnance--9.1 and 10.5 percent ErA , respectively. 
ingly, radar resolution was not an important parameter irl the operator's 
confidence judgments (0.8 percent ETA ). The operator's judgments of the i r  
acquisit ion performance were unaffected by presentation o f  a high resol u- 
t ion/l-look or a 12.2 meter/4-look radar image. 

VARIANCE ATTRIBUTABLE TO STUDY PARAMETERS 

2 Interest- 

2 

A second group o f  three parameters had moderate effects on operator perfor- 
mance; these parameters were display size, navigation error, and target type. 
Display s i z e  was the most important o f  these parameters, accounting for  4.9, 
7.0, and 3.9 percent o f  the variance fo r  time, probabil ity, and confidence 
judgment measures. Navigation error accounted fo r  5.6, 3.1, and 2.3 percent 
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of the variance for the tine, probabil ity, and confidence judgment measures. 
Although target tvpe had a mderate ef fect  on target acquisit ion tine (5.4 
percent of the variance), i t  had a small e f fect  on target acquisit ion pro- 
bab i l i t y  (1.4 percent o f  the variance) and no ef fect  on the operator's con- 
fidence judgnents (less than 0.1 percent of the variance). 

Four of the s i x  remaining parameters that accounted fo r  a small but meaning- 
ful (2 t o  3) percent o f  the varimce included: 
design, target reference point, target d i f f b l t y ,  and mission time availa- 
ble. The Wo variables having no af fect  on operator performance were the 
m u n t  of target intel l igence and operator viewing distance. 

One second-order interaction which accounted for a re la t ive ly  large percent 
of the variance was ident i f ied i n  the study. This was the interaction 
between radar coverage and display resolution. Display resolution had a 
much greater effect on time and probabil i ty performance with the large radar 
coverage. A t  the smal l  coverage, the 2000-line display resolution was m l y  
s l igh t ly  superior t o  the 500-line display. 

navigation error cursor 

I n  the remainder o f  th is  discussion o f  results, those parameters determined 

to  be of major o r  moderate importance w i l l  be addressed separately. The 
implication o f  the results to  SAR tact ical  s t r i ke  systems design w i l l  be 
discussed, and recormendations f o r  additional research to  establish quanti- 
ta t ive functional relationships among the parameters and operator perfor- 
mance w i l l  be made. 

3.2 OPERATOR PERFORMANCE OBTAINED WITH THE STUDY PARAMETERS 
The performance estimates that w i l l  be discussed for each o f  the two levels 
of the parameters are averaged across the high and low levels o f  the other 
12 parameters. 

3.2.1 RADAR COVERAGE 
The 1524-meter coverage resulted i n  the best performance. The l a r g e  ef fect  
o f  radar coverage i n  favor of the sma l le r  coverage was a surprising result.  
Past SAR tact ical  target acquisit ion research [3] found a small effect due 
to radar coverage i n  favor of larger coverage. 
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Inspection o f  radar scenes a t  the two coverages indicates tha t  scale factor  
i s  probably the underlying cause. A t  the 4572-meter coverage, !he indiv id-  

ual target returns tha t  mde up the l inear and pattern targets ax small 
and d i f f i c u l t  t o  see; even the complete target made up of several radar 
returns was small a t  the 4572-meter coverage. W i t h  the 1524-meter coverage, 
the targets are much easier t o  see. The increased performance obtained with 
the larger display size, discussed later,  supports t h i s  hypothesis. For 
small' targets, displayed scale factor o f  the SAR scenes i s  an ittiportant 
design consideration, which would argue f o r  a small radar coverage. 

3.2.2 DISPLAY RESOLUTION 
The second most important parameter was display resolution. The 2000-line 
display resolut ion was determined t o  be considerably be t te r  than the 500- 
l i n e  resolut ion display. Previous research [4] found t h a t  operator acquisi- 
t i o n  o f  large targets was not affected by var ia t ion o f  display resolution; 
although, qua l i t a t i ve  evaluation o f  t ac t i ca l  targets i n  that  same study 
indicated that  t ac t i ca l  targets might be affected by display resolut ion. 

I n  the current study, display resolut ion was varied by defocusilrg the opt i -  
cal project ion systen and adding TV l i n e  structure t o  the radar images. 
Therefore, two factors were varied i n  the two display resolutions-- 
resolut ion and l i n e  structure. 
and radar coverage indicates that  l i n e  structure was probably the more 
important factor. A t  1524-meter coverage, there was only a small perfor- 
mance advantage f o r  the 2000-line resolut ion display over the 500-line 
display, while a t  the 5472-meter coverage performance was s ign i f i can t l y  
bet ter  w i t h  the 2000-line resolut ion display. 

The hypothesis i s  that  the coarse l i n e  structure o f  the 500-line resolut ion 
display in ter fer red w i th  the target patterns a t  the 4572-meter radar cov- 
erage, because the l i n e  structure was large r e l a t i v e  t o  the s i t e  o f  the 
target returns. The l i n e  structure of the 2000-line resolut ion display was 
small re la t i ve  t o  the target patterns a t  the 4572-meter coverage and hence 
d id  not interfere wi th target patterns. A t  1524-meter coverage, the l i n e  
structure o f  the 500-line resolut ion display d id  not i n te r fe re  wi th the 

The interact ion between display resolut ion 
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target return patterns, and performance was only s l i g h t l y  poorer cornpared 
to the 2000-line resolut ion display. 

3.2.3 RESOLUTION/WLTIPLE LOOKS 
As expected, resolution/multiple looks had a major e f fec t  on operator target 
acquisit ion. The high resolution/l-look condit ion resulted i n  substantial ly 
iaproved perfonnance over the 12.2-meter resolution/4-look condition. Fu- 
ture research should be conducted t o  establ ish functional relationships 
among radar resolution, radar mul t ip le  looks, and operator target acquisi- 
t i o n  performance f o r  use by radar sptc i designers. The high resolution/ 
l- look and 12.2-meter/4-look conditions represent reaso;u!Jle upper and ; - .er  

bounds fo r  such research. 

3.2.4 NAVIGATION SYSTEM ERROR 
The 291-meter and +6?0-meter navigation errors investigated had a moderate 
af fect  on operator performance. The smaller navigation error, as one would 
expect, resulted i n  more rapid operator t a F e t  acquis i t ion and higher pro- 
b a b i l i t y  of correct target acquisit ion. 

3.2.5 DISPLAY SIZE 
A l l  other things being equal, a large display s i t e  allows SAR video tc  be 
displayed a t  a larger scale factor than a small display size. As discussed 
previously, displayed SAR video scale factor may be an important factor i n  
SAR operator tac t i ca l  target acquisit ion. The 25.4-cm ( larger scale factor)  
display resulted i n  bet ter  performance than d id  the 12.7-cm display. 

Display s ize coupled with display resolution, radar coverage, radar resolu- 
t ion, and operator viewing distance determine the operator’s a b i l i t y  t o  
extract  displayed sensor information. 
possible to  determine the potent ia l ly  complex interactions among these 
parameters. Since the scale factor of the displayed SAR video appears t o  
be an important factor i n  SAR operator target acquis i t ion performance and 
since cockpit real  estate i s  precious i n  attack a i r c r a f t ,  i t  i s  important 
that  future research bz conducted to  determine the relationships among dis- 
play size, radar coverage, radar resolution, and operator viewing distance. 
I f  a i r c r a f t  cockpit considerations dictate a sma l l  display, other design 

I n  th i s  screening study, i t  was not 
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options may have to be exercised t o  avoid unnecessarily l i m i t i n g  the opera- 
tor 's performance potential.  The suggested research would provide the data 
to make i n t e l l i g e n t  design decisions. 

3.2.6 TARGET TYPE 
Target/background character ist ics are known t o  be major sources o f  variance 
i n  ground mapping sensor target acquis i t ion studies. Target type, back- 

ground wplexi ty,  and target d i f f i c u l t y  were control led variables i n  t h i s  
study, pr imar i ly  t o  extract  and measure t h i s  source o f  variance. Of these 

three variables, target type caused the mast performance variat ion. The 

extended targets (convoys) were acquired faster  and more often than were the 
pattern targets (AAAs). -- Post hoc analysis o f  the radar images leads us t o  
conclude tha t  scene c l u t t e r  and raster structure tended t o  in ter fere more 
with the perception o f  the pattern targets than the l i nea r  targets, hence 
the poorer performance obtained with pattern targets. 

4.0 CONCLUSION 
This research was performed t o  establ ish the r e l a t i v e  importance among radar 
sensor, display, and mission variables on operator t ac t i ca l  target acquisi- 
t i o n  performance f o r  appl icat ion t o  the quick response mission. The resul ts 
of the research provided the data necessary t o  i d e n t i f y  which were the 
important variables as a f i r s t  step towards defining a v iable system and 
future research requirements. 
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DEFINITION STUDY OF THE SHUTTLE IMAGINC RADAR-A (SIR-A) 
ANTENNA ON THE SECOND SPACE SHUTTLE MISSION (OFT-2) 

HAROLD A. NITSCNKE, NASA JOHNSON SPACE CENTER, HOUSTON, TX 
JOHN W. KIEREIN, BALL BROTHERS RESEARCH CORPORATION, BOULDER, CO 

THOMAS A. METZLER, BALL BROTHERS RESEARCH CORPORATION, BOULDER, CO 

SUMMARY 

The study resulted in the definition of an antenna configuration fixed-mounted high in 
the payload bay on the hybrid OFT4 pallet which is compatible with Orbite# interface 
requirements. Tests showed that the combination 0.’ the selected ‘&neb and the 
designed corporate feed will meet the SIR-A performance requirement of 33 dB gain. 
The effects of Orbiter structure proximity on performance were determined by scale 
model tests to be negligible. The potential for improved performance during 
subsequent reflights includes a multiple-beam capability and dual pokrization. 

1.0 INTRODUCTION 

A study was conducted to define the concept and preliminary design of the SIR-A 
antenna. Operational Flight Test Number 2 (9FT-2) is the first mission to include 
scientific experiments in the payload bay and SlR-A is the highest priority experiment 
approved for flight. It is presently scheduled for flight during the second half of 1979. 

The primary consideration of the study was to provide the concepts for the antenna, 
supporting structure, and corporate feed at the lowest possible cost, while meeting the 
performance requirements and Orbiter interface requirements. The antenna was 
constrained to fit in the area forward of the Development Flight Instrumentation (DFI) 
without protruding from the payload bay envelope. The antenna points to the north 
side of the orbital track while the Orbiter flies with the payload bay opening facing the 
earth. This orieqtation is intended to thermally quulify the Orbiter to fly in this 
attitude for long durations. Results of the study included definition of the location in 
the payload bay, selection of antenna panels, design and selection of the corporate 
feed, design of supporting structure, and performance projections. The study has been 
followed by a program of detailed design, manufacturing, and test of the system. 

2.0 CONFIGURATION 

The SIH-A antenna design relies heavily upon previous SEASAT technology and the 
utilization of standard components in an ..*fort to minimize cost and risk factors while 
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optlmiziq system performenee. Seven honeycomb miaostrip antenna paneb, 
identical to tha panel ae~eropea and tested for the SWAT Bngineering MW unit 
(SMU), are arrayed to form a 9.38m x 2.08111 planer, longitudinally polarized, rt?diating 
8Vfqtce. A unique coaxial corporate feed distributes power to each panel in-phase, but 
with a stepped amplitude taper such that the center three panels each radiate one- 
sixth of the total power and the outer four panels each one-eighth. Power to each 
radiate petch on the panel is carried by a microstrip feedline network etched on the 
facq of the panel. 

The antenna panels and corparate feed, as shown in Figure 1, are mechanically 
slpp#ted and aligned to a planar surface by a fixed stm@ac& truss. An installation 
tcm. with adjustable fittings to the OFT4 spacelab-hybrid pallet, supports the 
mtcrma/stranebad< in a fired high-in-thepeyload bay location and allows vernier 
aajtgtment of the antenna boresight pointing angle to 47 degrees from nadir. 

Initial truss collcepfs were  constructed with graphite epoxy material, but reduction in 
the pallet-mounted, structural fundamental frequency requirements has permitted the 
use of less costfy, aluminum trusswork. With either material, thermal and mechanical 
distortions of the truss structure are sufficiently small  to cause the array to deviate 
less than - +0.635cm from a planar surface during on-orbit operations. Multilayer alumi- 
nized mylar on the trusswork and teflon-impregnated quartz cloth on the radiating 
panels provide passive thermal control. The multilayer insulation is covered y i t h  the 
quartz cloth to reduce the surface reflectivity, thus avoiding potential glare to the 
C R W .  

3.0 ANTENNA PANELS 

The 1.34m x 2.08m EMU panel combines microstrip array techniques with amique 
fiberglass honeycomb construction [ 1 J to yield an efficient, lightweight, monolithic 
antenna. All radiating elements and feedlines are precision photo-etched on a copper 
laminate and supported above a bonded capper ground plane by the honeycomb struc- 
ture, thus significantly reducing dielectric losses. The complete EMU array is 
illustrated in Figure 2, with nominal measured performance for individual panels 
tabulated below. Low development and manufacturing costs, rugged construction, and 

adequate performance made the EMU design particularly attractive for application to 
the SIR-A antenna. Only minor attachment fitting modifications have been made in 
this SEAS-4T design for the SIR-A program. 
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PARAMETER 
Gain 
Sidelobes 

E-Plane 
H - Plane 

Beam w idth 
E- Plane 
H-Plane 

VSWR 

TABLE 1 
EMU PANEL CHARACTERISTICS 

PERFORMANCE 
25.9 dB 

( -12 .5  dB 
(-16.0 dB 

9 .  lo 
6.20 

c 1 .3 : l  

4.0 CORPORATE FEED 

A seven-way corporate feed, composed of standard air-loaded coaxial line and reactive 
power dividers, efficiently distributes power to the array panels and implements the 
reguired phase and amplitude distribution. As depicted in Figure 3, the  power divider 
configuration theoretically yields a amplitude taper across the array. If 
required, minor power distribution variations due to load mismatches in the reactive 
network can be compensated by modifying the power split of the first reactive divider, 
the only nonstandard electrical component. Equal phase illumination is ensured by 

trimming similar lines to equivalent electrical lengtb and critically phasing the 127 

inch line.)shown in Figure 3, such that the electrical length from input to panel 
terminations is equivalent for all ports. Multipcctor breakdown considerations dictate 
the use of TNC-type connectors an& dielectrically loaded power dividers. A 3 dB 
multipactor margin is maintained throughout the system. Based on vendor data, 
system insertion is calculated as less than 0.7 dR. 

A prototype SIR-- feed system composed of Andrews H5550 7/8" coaxial cable with 
N-type connectors and Microlab DZTN power dividers was constructed and tested 
during this study in order to establish confidence in the proposed design. The feed 
exhibited good control over the amplitude distribution and total system insertion loss 
was 0.3 dB vith input VSWR less than 1.15 < 1. Theoretical insertion loss for the 
prctotype system was 0.2 ,' dB. 

5.0 SYSTE C PERFORMANCE 
~ ~~ ~ 

Projected nominal performance of the SIR-A antenna is shown in Table 2. When the 
array of seven EMU panels is uniformly illuminated, the E-Plane beamwidth (-8 dB) is 

IV-2-5 



\ 
Q 
5 

IV-2-6 



theoretically 1.Y9 degrees with 13 dB sidelobes, but the amplitude taper implemented 
by the corporate feed increases this beamwidth to 2.07 degrees and potentially reduces 
sidelobes to -15.2 dB. Array distortions, and particularly phase d amplitude errors in 
the feed, rill  cause deviations from these nominal values [ 2 1. 

The panel gain (25.9 a i ) ,  plus the seven4ement array factor gain of 8.45 dB, yields a 
theoretical 34.35 dBi gain for the SIR-A antenna array; however, several nominal 
directivity arrd efficiency losses must be corrsidered (Table 2). 

TABLE 2 

DIRECTiVITY AND EFFICIENCY LOSSES 

E-Plane Taper 
Feed Network 

-0 . 02 

-0 . 70 

Mechanical Distortions -0 . 08 
Feed Phese and Amplitude Errors -0.13 

Thermal Blanket -G. 05 
-0.2 - Frequency and Temperature Effects 

N E T  LOSS -1. 18 

Thw, the nominal projected gain of the seren-panel SIR-A antenna array is 33.17 dBL 

Due to the proximity of the SIR-A antenna to potential reflecting surfaces within the 
Shuttle payload bay, a 1/10 scale model radiation pattern test at 12.75 GHz *as 
conducted to assess the impact of the Shuttle structural surfaces on the SIR-A antenna 
performance. The test configuration is depicted in Figure 4. This figure shows the 
antenna in a scale model payload bey with the DFI pallet installed. The Orbiter 
radiator panel on the side of the bay is also mocked up. Radiation patterns with the 
.antenna mounted high in the bay, as in Figure 1, indicated no measurable bearnwidth 
variation from free space conditions and only a minor increase (0.8 dB) in one H-Plane 
sidelobe. Shuttle structural surfaces will not adversely affect SIR -A performance. 

6.0 POTENTIAL FGR IMPROVEMENT 

Because the SIR-A experiment remains inside the Shuttle vehicle and returns to earth, 
the potential for evolution in system configuration during subsequent reflights is 
possible. Probablt reflights, as yet unscheduled, will provide greater ground coverage 
than is possible during the  S-day OFT-2 Mission. Improvements in performance could 
be achieved, with small additional costs, by adding an H-Plane multiple-beam 
capability to the antenna. Dual polarization could also be added with some 
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modification to the antenna circuit art- and transmitter. The antenna could have 
an on-orbit pointing adjustment capabili. neorporeted. Another improvement would 
be to fold the antenna so that it occupies approximately the width of one Spacelab 
pallet during launch and descent, and deploys over the aft  payload bay doors during 
operation. This change would reduce the  length of payload bay occupied, without 
affectiq Orbiter thermal radiator performance, thus allowing a larger variety and 
number of additional other payloads to share the  mission. In order to accomplish this, 
a foldable feed system, as impiemented on the SEASAT SAR antenna and a DoD SAR 
antenna, would be required. Such changes would result in additional scientific data and 
provide evolutionary improve men t. 
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PREDICTION OF ANTENNA ARRAY PERFORMANCE 
FROM SUBARRAY MEASUREMENTS 

DR. MARTIN A. HUISJEN 
SENIOH MEMBER TECHNICAL STAFF 

BALL BROTHERS RESEARCH CORPORATION 
BOULDER, CO 80306 

SUMMARY 

Because of the practical difficulties involved in measuring the RF performance of 
large array antennas such as SEASAT, it is desirable to predict performance based on 
subarray ana feed network measurements. Computer runs have been used at BBRC to 
determine the effect of mechanical distortions 01 array pattern performance. 
Subarray gain data, along with feed network insertion loss, and insertion phase data 
can be combined with the analysis of Ruze on random ermrs to predict gain of a full 
array. The performance predictions for the full SEASAT array will be compared with 
test data. 

1.0 INTRODUCTION 

There are significant practical advantages to be obtained if one is able to successfuXly 
predict RF performance of a large antenna array based on measurements of a single 
subarray. The subarray measurements can be performed on a much more compact 
range so that it may be possible to use an anechoic chamber. Environmental problems 
of an outdoor range and mechanical handling problems involved with interfacing a 
large array to a positioner are eliminated. Design modifications can be incorporated 
into a single subarray and the results quickly checked out. 

1.1 SIMPLEST APPROACH 

The full array performance characteristics to be predicted are the gain, beamwidths, 
and sidelobe levels. The most straightforward approach to predicting these parameters 
from subarray data is to assume the ful l  array will be uniformly illuminated by a 
lossless feed network. In such a case the array gain is simply the subarrey gain 
multiplied by the number of subarrays. The beamwidth in each dimension is the 
subarray beamwidth divided by the number of subarrays in the respective dimension. 
The sidelobe levels depend on the amplitude taper within each subarray. A best first 
guess at the first sidelobe levels in the arrayed direction(s) is -13.2 dB, corresponding 
to the sidelobes of a uniformly illuminated aperture. 

f V-3-1 



Consider the SEASAT Synthetic Aperture Radar Antenna (SARA), sketched in Figure 1, 

as an example. It is an L-band (1275 M H d  10.74m by 2.09m array made up of eight 
panels, each 1.34m by 2.09m. Each panel is a subarray consisting of 8 by 16 radiating 
elements. The intrapanel feed network is uniform in the E-Plane (8-element) direction 
and tapered in the H-Plane (le-element) direction to produce -18.2 dB sidelobes. The 
main feed network distributes power uniformly to each of the eight panels. The 
approach described above predicts, for the full array, a gain 9 dB above the single 
panel gain, an E-Plane beamwidth eight times smaller than the single panel E-Plane 
beamwidth, an H-Plane beamwidth identical to that of a single panel, E-Plane sidelobe 
levels of -13.2 dB, and H-Plane sidelobes identical to the single panel H-Plane 
sidelobes. 

* 10.74 m 

- t 
L 
2.09m -E- PLANE 

t 
H-PLANE 

FIGURE 1 

v 
This simple approach to predicting array performance neglects several complications 
which should be taken into accourit in order to make an accurate performance 
prediction. These complications are: 

0 

0 Mechanical distortion of subarrays 
0 

0 

0 

Mechanical distortion of support structure which combines subarrays 

Power loss in main feed network 
Power tapers designed into main feed network 
Phase and amplitude errors in main feed network 

Methods of dealing with these complications will be described in succeeding sections of 
this presentation. 
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2.0 

2.1 DESCRIPTION OF PROGRAM 

The effects on RP performance of mechanical distortions of an array can be calculated 
using a computer program developed at BBRC. The program calculates patterns for 
linear arrays which can be distorted into a second dimension. The relative gains of 
various distortion cases are calculated by simply comparing the magnitudes of the 
computed on-boresight fields for each case. When the program is used for a planar 
array, it calculates principal plane patterns for deflections out of the plane of the 
array. It accounts only for deflections within the principal plane being calculated. 

MECHANICAL DISTORTION EFFECTS BY COMPUTER CALCULATION 

2.2 FULL ARRAY DISTORTIONS 

Subarrays must be combined on s o m e  kind of support structure to form a full planar 
array. In the case of the  SEASAT SARA, the eight panels were supported side by side 
on a graphite epoxy Extendable Support Structure (ESS). There can be out-of-plane 
deflections of this structure due to manufacturing tolerances and to thermal effects. 
Figure 2 shows the results of computer calculations done for parabolic deflections in 
the long dimension of the ESS. The beamwidths and sidelobe levels are those for the 
principal E-Plane pattern. Based on these calculations, the ESS was designed to 
maintain a total deflection less than +1/4 inch over its range of operating conditions. 
This type of analysis can obviously bc done for any shape of deflection. Parabolic was 
chosen as the most likely possibility. 

- 

Deflections in the H-Plane (short dimension) of the array are due to deflections of the 
panels in that dimension. Figure 3 shows the results of computer calculations for 
parabolic deflections in the H-Plane of the panels. Note that the sidelobes begin at 
-18.2 dB because of the amplitude taper in the H-Plane. 

2.3 SUBARRAY DISTORTIONS 

As mentioned in the previous paragraph, deflections in the H-Plane of SEASAT panels 
are equivalent to deflections in the H-Plane of the entire a:ray. Deflections in the 
&Plane of the individual panels, however, produce effects different from deflections 
of the entire array. Figure 4 shows the results of computer calculations for parabolic 
deflections in the &Plane of the panels. Since the &Plane beamwidth and first 
sidelobes are determined by the array factor of eight panels, they are not changed to 
first order by an alteration of the individual panel pattern. The major effect which 
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occurs is the introduction of a grating lobe at about 10 degrees corresponding to 
These results radiating elements separated by one panel width (10" = sin 

were used to establish a design goal of+l/4 - inch deflection of the antenna panels over 
their range of operating conditions. 

-1 x 
m). 

2.4 ALTERNATIVE CALCULATION OF GAIN REDUCTION 
~ ~~ ~ 

In Section 2.1 it was stated that relative gains of the various distortion cases can be 
calculated by comparing the magnitudes of the computer-calculated on-boresight 
fields for each case. This is true because the average radiated power remains constant 
as a function of distortion while the peak radiated power changes due to loss of phase 
coherence in the broadside direction. 

This suggests a method of approximately calculating the gain loss due to mechanical 
distortions without using a computer. Ruze [ 13 has analyzed an - aperture illuminated 
with a gaussian distribution of phases of mean square deviation 6 and found that the 

-z gain varies as e - 6 . One can apply this to a mechanically-distorted aperture by 
treating a distortion d as a phase error 6 =T. 2nd Although the - distribution of phase 
errors will in general not be gaussian, the mean square error d 2  can be calculated and 
used to find the relative gain. This approximation to the gain becomes worse as the 
ratio of distortion to array length increases. As an example, consider a parabolic 
distortion with a peak-to-peak deflection of f X  where f is some fraction. The mean 
deflection is 1/3 f X ,  with a -- mean squared deviation of 4/45 f 2 X 2  corresponding to a 
mean squared phase error 6 2  = ( ~ T I ~  &f2. Table 1 compares the results of this 
approximate ctllculation with the exact computer results for parabolic distortions in 
the E-Plane of the SEASAT array. The agreement is very good for small distortions. 

TABLE 1 

COMPARISON OF GAIN CALCULATIONS FOR SEASAT E-PLANE 

- 
2 Pk to Pk Parabolic Deflection Computer-CE 'Zulated 

f in Wavelengths Gain Change 1 0 l o g e - 6  
0 Ir dB 0 dB 

1/36 -.01 -.01 
1/18 -.05 -.05 
119 -.20 -. 19 

219 -.81 - . 7 5  
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3.0 FEED NETWORK EFFECTS 

Insertion loss in the RF feed network supplying power to the subarrays is dealt with 
very simply. Such loss has no effect on the patterns; it decreases the array gain 
directly by the amount of loss in the feed. 

3.2 AMPLITUDE TAPERS 

It is often desirable to purposely design the feed network for an unequal power 
distribution to the subarrays. Usually the power is tapered from the center of the 
array outward in order to reduce sidelobes. Such tapers affect gain, beamwidths, and 
sidelobes. The effects on pattern performance can be found by using the previously- 
described computer program wii!i the appropriate amplitude distribution on the array 
elements. The gain relative to a uniform power distribution can be found from the 
q u a  tion 

1 A G = l O l q -  n 

where n is the number of subarrays and Ai is the relative amplitude at the i th subarray 
(proportional to square of power at i th subarray). 

3.3 PHASE AND AMPLITUDE ERRORS 

Due to manufacturing tolerances and other variables, the power distribution produced 
by the feed network usually de\ Les somewhat from the desired distribution; and the 
phases at each subarray are not exactly equal. Such errors can be dealt with exactly if 
data have been taken on the relative powers and phases appearing at each output port 
of the feed network. One problem which should be noted is that the relative powers 
and phases at each output port may change when connected to the subarrays. The feed 
network measurements are usually done one output port at a time with matched loads 
connected to the other ports. Since the subarrays will not in general have the same 
input impedance as the matched loads, the measurements may not be completely valid. 
If, however, the subarray impedances are identical and reasonably well matched, the 
feed network measurements provide a good indication of the power Lstribution in the 
array. 
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The effect of the errors on pattern performance can be found using the computer 
prcgram with the measured phases and amplitudes applied to the appropriate a s y  
elements. The gain relative to a uniform power distribution in amplitude and phase is 
found from Jn equation very similar to Equation 1, 

C A.' 
1 i= 1 

where xj is now a phasor accounting for both the amplitude ana phase at the i th 
subarray. 

4.0 

For the SEASAT SARA, pattern and gain measurements were taken on four of the 
eight panels which were combined as the flight unit. Power split and phase 
measurements were taken on the main feed network before it was combined with the 
panels. These data are used in this section to predict the fliglit [:nit R F  performance 
which is then compared with acceptance test data taker; at  the LMSC Santa Cruz 
facility. 

SEASAT PREDICTIONS COMPARED WITH DATA 

Figure 5 shows the power split versus frequency measured at the eight output ports of 
the main feed network. The numbers on each curve at 1275 MHz indicate out/ in for 
each port at the center frequency. The inssrtion loss of the feed is founa from the 

P P  

equation 
8 
i=i pouti 

Loss = 10 log -p-- 
in 

(3) 

This gives an insertion loss of 0.58 dR at 1275 MHz. Figure 6 shows the ;dative phases 
measured at each output port of the feed network. Putting the phose and amplitude 
data into Equation 2, a loss of 0.04 dB is found due to the phase errors and unequal 
power split in the main feed. 

The gains and beamwidths at 1275 MHz for the four flight panels which were measured 
are given in Table 2. 
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Panel No. 
F005 
F007 
F008 
F009 

Average 

TABLE 2 
SEASAT SINGLE PANEL DATA 

Gain (dB) 
26.5 
26.5 
26.5 
26.4 
26.5 

E-Plane 
BW ( O )  

9.03 
9.00 
9.07 
9.02 
9.03 

H-Plane 
BW (") 

6.17 
6.20 
6.20 
6.25 
6.21 

- -- 

After the panels were attact.ed to the ESS and hung on a gravity compensation fixture, 
they were surveyed to determine the flatness cif the array. Six points on each panel 
were measured. The peak-to-peak deflection of the array was 0.5 inch. The shape of 
the deflection w a s  not determined, but parabolic is a good assumption for the  purposes 
of performance prediction. 

GAIN 4.1 

The foregoing data are used in Table 3 to predict the gain of the SEASAT array. 
- 

TABLE 1 

SEASAT SARA PREDICTED GAIN 

Single Panel Gain 
Array Eight Panels 
Feed Network Loss 
Feed Network Errors 
Array Distortion 

Predicted Array Gain 
Measured Array Gain 

(dB) 
26.5 
- 
+ 9.03 

- .58 

- .04 

- .04 

34.87 

34.9 

The agreement between predicted and measured gain is remarkably good and certainly 
within measurement error! Mismatch losses have been neglecred in the gain prediction 
since they affect both panel and array gain. (This assumes approximately equal VSWRs 

for the panels and the array plus feed network.) 

4.2 BEAMWID'I'HS 

The array H-Plane bearnwidth prediction is 6.21 degrees, the average of the 
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beamwidths of the four measured panels. The beamwidth of the array was measured to 
be 6.25 degrees. 

The array E-Plane beamwidth prediction is made using computer calculations. Eight 
elements were arrayed with a spacing equal to the  panel spacing. They were fed with 
t h e  phases and amplitudes found in the  feed network measurements. The element 
pattern used in the calculations was the E-Plane pattern of a single panel. Figure 7 is 
a plot of the calculated p3ttem. while Figure 8 shows t h e  measured E-Plane pattern. 
The beamwidth from the calculated pattern should be modified to account for the  
measured 0.5 inch mechanical distortion, but Figure 2 shows that the  beamwidth is 
unaffected by that level of distortion. The predicted E-Plane 3 d B  beamwidth is, 
therefore. the coinputer-calculated value of 1.13 degrees. This compares very well 
with the  measured value of 1.12 & p e s .  It should be noted that the average measured 
panel beamwidth of 9.03 degrees divided by 8 IS ab0 1.13 degrees. 

4.3 SIDELOBES 
~ ~~~ - 

The H-Plane first  sidelobes measured fot the array are asymmetric with levels of -19.4 
and -17.2 dB on either side of the main beam. This behavior could be predicted closely 
from the single panel measurements which showed asymmetric sidelobes at approxi- 
mately the s a m e  levels. In Section 1.1 i t  was stated that  !he H-Plane feed network 
was tapered to produce -18.2 dB first sidelobes. The measured deviation from this 

behavior is most likely due to phase and amplitude errors in the intrapanel feed 
network. 

Figure 8 shows that the  measured E-Plane sidelobes a r e  also asymmetric with a 
maximum level of -12.9 dB. The computer-predicted pattern has asymmetric 
sidelobes, but the maximum sidelobe is at  -13.8 dB. About 0.2 or 0.3 dB of this 
discrepancy can be accounted for by the 0.5 inch distortion of the array. The 
remaining discrepancy is probably due to an alteration of the feed network phases and 
amplitudes when the panels were connected. 

5.0 CONCLUSlON 

Methcds have been presented for predicting the  gain, beamwidths, and sidelobes of an 
array based on subarray measurements. These methods were used to predict the 
performance of the SEASAT S A R  eight-panel array from single panel measurements. 
The predicted and measured performance parameters a re  presented in Table 4. 
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TABLE 4 
SEASAT PREDICTIONS VS ACTUAL PERFORMANCE 

Parameter 
Gain 
E-Plane Beamwidth 

Prediction Measured 
34.87 dB 34.9 dB 

1.130 1.120 
H-Plane Beamwidth 6.21' 6.25O 
E- Plane Sidelobe -13.8 dB -12.9 dB 
H-Plane Sidelcje -17.2 dB -17.2 dB 

6.0 REFERENCES 

11 1 J. Rue, "Antenna Tolerance Theory - A Review," Proc. IEEE, 54, 633-640, 
1966. 
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MATHEMATICAL MODELING AND SIMUL.ITION OF THE 

SPACE SHUTTLE IMAGING RADAR ANTENNAS 

ROSS W. CAMPBELL, KAREN E. MELICK, AND EDGAR L. COXEY,  I 1  I 
PHYSICAL SCIENCE LABORATORY 
NEW MEXICO STATE UNIVERSITY 

LAS CRUCES, NEW MEXICO 88001 

SUMMARY 

Simulations o f  Space Shut t le  synthet ic  aperture radar antennas under the 
inf luence o f  space environmental condit ions have been ca r r i ed  out  a t  L, 
C, and X-band. Mathematical d i f f i c u l t i e s  i n  modeling large, non-planar 
array antennas are discussed, and an approximate modeling technique i s  
presented. Results f o r  several antenna e r r o r  condit ions are i l l u s t r a t e d  
i n  f a r - f i e l d  p r o f i l e  patterns, ear th  surface f o o t p r i n t  contours, and 
s u m r y  graphs. 

1.0 INTRODUCTION 

Antennas t o  be used on Space Shut t le  missions i n  the 1980's f o r  synthet ic  
aperture radars are expected t o  undergo stresses induced by the space 
environment t h a t  may degrade the performnce o f  the radar. 
thermal gradients across and through the antenna surface may cause the 
s t ructure t o  bow. Deployment techniques t h a t  r e l y  on unfo ld ing the 
antenna i n  one o r  more places may create surface d i scon t inu i t i es  a t  the 
f o l d  j o i n t s .  
thermal expansion, resu l t i ng  i n  phase exc i ta t i on  errors. Power d i v i s i o n  
t o  3 f f e r e n t  sections o f  the antenna may be perturbed by non-unity VSMRs. 
To estimate the ef fect  o f  these and other antenna er ro rs  on overa l l  
synthetic aperture radar performance, i t  i s  necessary t o  computer simu- 
l a t e  the antenna over a wide ranc,r: of possible e r ro r  conditions. Unfortu- 
nately, c lass ica l  methods o f  analysis, such as computing the ar ray  fac to r  
as the weighted sum of path length differences, are unmanageable because 

of the large e l e c t r i c a l  s ize of the antenna. A closed-form array fac to r  
expression i s  upobtainable because of the general nature o f  the mechanical 

surface errors .  To overcome these computational 1 ini tatior.;, a compromise 
model i ng method was developed. 

For example, 

i n  addition, feedl ine lengths may change s l i g h t l y  due t o  
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2.0 THE MATHEMATICAL MODEL 

2.1 MODEL OF MECHANICAL SURFACE FLATNESS ERRORS 

The physical array surface is  modeled w i t h  a number of piecewise bilinear 
rectangular sections as i l lustrated i n  Figure 1. That  is, if the array 
is nominally located i n  the (x,y)-plane, the z-axis displacement of the 
array surface is given by 

M 

where 

i n  the mth section ( 2 )  a. m m  + alxm + a p m  + a3xgm 

and (xm,ym) are the local coordinates of the mth section shown i n  Figure 

2. The { a:} coefficients may be determined uniquely from the displace- 
ments a t  each of the four corners of the rectangle. 
coefficients give a continuous approximation of the actual antenna sur- 
face. These sections need not conform to physical antenna panels. The 
number of sections needed can be determined by the curvature of the warped 
surface and the maximum error that  can be tolerated. As the number of 
sections is increased, the approximation becomes more exact, converging 
to the actual surface i n  the limit. [4] Of course, the results become 
exact electrically when each section contains only one element of the array. 

Furthermore, the same 

2.2 --- merL OF ELECTRICAL - ERRORS 

Let us supposi the array antenna i s  divided into M x N subarray sections 
as i l l u s t r a t e j  i n  Figure 3. 
be written as the weighted sum of the contribvtions from each subarray. 

The far-field pattern of sucn an antenna may 
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= the complex exc i ta t i on  of the mnth subarray 

= (sine COS$, sine sin$, cose), the cosines 
of the beam po in t ing  d i rec t i on  w i th  respect 
t o  the x, y, and z axe.s 

B = 2lr/x = wave number o f  the source 

rl=* 
= i n t r i n s i c  impedance o f  the medium 

- 
9,, (U 9 V 1 = vector array fac to r  o f  the mnth subarray 

2 )  (Xmn’Ymn, mn = loca t ion  o f  the center of the mnth subarray 

If the vector subarray factor i s  known, equation (3 )  may be used t o  obta in  
the f a r - f i e l d  pattern. E i the r  ineasured data o r  computed data may be used 
f o r  g(u,v). 

Each e l e c t r i c a l  section may be exc i ted separately i n  both magnitude and 
phase. The number of sections needed t o  obta in  a desi,-ed accuracy i s  
determined by the sever i ty  of the e l e c t r i c a l  taper. 

2.3 SIMULTANEOUS MECHANICAL AND ELECTRICAL ERRORS 

I f  the b i l i n e a r  rectangular sections of (2.1) are made t o  conform w i t h  
the subarray sections of (2 .2 ) ,  then e l e c t r i c a l  and mechanical e r ro rs  
may be studied simultaneously. The only  fu r ther  approximation needed 
i s  i n  the computation of the subarray factor i(u,v) fo r  elements 
equally spaced over a b i l i n e a r  surface. A closed-form expression f o r  
g i s  no t  avai lable; however, since a l l  sections are the same physical 
size, 
equation ( 3 ) ,  only  a tab le  look-up i s  necessary. 

- 
could be computed and tabulated parametrical ly so tha t  when using 
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I f  the b i l i nea r  surfaces are su f f i c i en t l y  f l a t ,  an al ternat ive technique 
i s  available. The two st ra ight  l i nes  formed by project ing the loca l i red 
coordinate axes onto the b i l i n e a r  surface o f  (2) may be used t o  define 
an error-minimizing plane.[l) That i s ,  the coef f ic ients  o f  

are chosen so tha t  the e r ro r  

i s  a minimum. The superscript "m" has been omitted f o r  c l a r i t y .  The 
minimum occurs when 

bl = al 

bp = a2 

and the integrated e r ro r  E: = A'/16*la31 , where A i s  the surface area o f  
one rectangle. A maximum error  o f  A/4*la3\ occurs a t  the corners o f  the 
rectangle. Consequently, the subarray factor used i n  calculations i s  
the pattern from a planar rectangular array wi th average displacement 

t = bo 
avg 

whose normal points i n  the d i rect ion (0,,,,$,,) defined by 

( 7 )  

tan(a:) = by 

tan(am) = b; 
Y 
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where 

The array factor for each subarray i s  the well-known 

sin - MYx sin E!Y 

M sin - yx . N sin !)'- 
z 

2 

pattern w i t h  the angular t i l t  due t o  ax and a included i n  the Y-factors. Y 

3.0 SIMULATION RESULTS 

A variety o f  antenna mechanical surface errors and electrical excitation 
errors have been simulated a t  1.5, 4.5, 9.0, 12.0 and 14.0 G H t  [2,3], 
including: 

- Antenna panel unfolding errors due t o  incomplete deployment of 
a folded panel. 

- Various warping conditions due t o  thermal gradients through the 
antenna surface. 

- Electrical excitation errors occurring from feed1 ine mismatches. 

For the antema panel unfo ld ing  errors, a three-panel array was modeled 
w i t h  the outer two panels t i l t ed  away from the perfectly f l a t  baseline 
case. Deflections varied from 0.5 cm t o  5.0 cm over the 11.6 m length 
o f  the entire array. Figure 3 consists of four graphs which i l lus t ra te  
!*sin degradation versus frequency, gain degradation versus warp severity, 
beam pointing error versus warp severity, and side :obe level versus 
wrap severity. 
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Parabol ic  bow mecharical e r r o r s  c lused by the thermal gradients  through 
t h e  antenna were modeled w i t h  a twslve-panel a r ray  curved t o  fit a para- 

h l a  !ir, azimuth) with maximum d e f l e c t i o n  ranging from 1 cm t o  5 cm. 
F igure 4 consis ts  of four graphs which d e p i c t  the  aximuth f a r - f i e l d  
p a t t e r n  o f  a un i fo rmly  e x c i t e d  11.6 m antenna a t  1.5 GHz f o r  bows ' 

1.0, 2.0, 3.0, and 4.0 cm. Two-dimensional Ear th  sur face f o o t p r i n t s  
f o r  t h e  parabol ic  bow e r r o r  as we l l  as the un fo ld ing  e r r o r  a re  shown i n  

F igure  5. 

E l e c t r i c a l  mismatch e r r o r s  were s tud ied f o r  the seven panel S I R - A  micro- 

s t r i p  a r ray  antenna f o r  VSWRs o f  1.0, 1.1, and 1.2. 
i n  F igure 6. 

Resul ts a re  shown 
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Figure l h .  Piecewise bilinear approximation. 
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Figure 2a. Original surface. 
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Figure 2b. Bit  inear approximation. 
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LOW LOSS, FLEXIBLE, LIGHTWEIGHT CORPORATE RF FEED 

SYSTEM FOR SAR ANTENNA APPLICATION 

FRANK SCHIAVONE 
SENIOR MRMBER OF TECHNICAL STAFF 

BALL BROTHERS RESEARCH CORPORATION 
POST OFFICE BOX 1062 

BOULDER, COLORADO 80306 

SUMMARY 

Mechanical and electrical efficiency constraints imposed by the SEASAT-A Synthetic 
Aperture Radar (SARI Antenna posed difficult design problems. After consideration of 
available standard cable end waveguide systems, it was  determined that an optimum 
design could be obtained from a slspended substrate [l] RF feed system. Size and 
mechanical flexibility constraints forced the design of a flexible, suspended substrate 
section capable of 1804egree fleme. original design goal for insertion loss over 
power division was 1 dB; measured results indicated 0.6 dB maximum acfoss the band 

Multipactor testirrg of system components indicated system breakdown capability in 
excess of 4 kW comperexi to a specification input maximum of 1500 W. 

1.0 SEASAT SAR !3TRUCTURE 

The basic SEASAT SAR structure is depicted in Figure 1 in an exploded view showing 
the essential elements. The expandable support structure provides a locking truss 
capable of h o l w  the eight, 2.16111 x 1.34m, lightweight, honeycomb, microsAp 
antenna panels flat to within 0.63cm (0.25 inch) over the erltire 10.75m length. When 
folded, the panels are separated by 3.43cm (1.35 inches) to provide an overall package 
volume of 2.16m x 1.34m x 25.4cm exclusive of the tripod structure. To fit the 
confines of the  c l d  peckage, the RF feed system lines were constrained to 1.4cm 
(0.55 inch) in height to allow for thermal blanketing. When the SAR is folded, the 
connecting RF lines between panels must be capable of IllO-degree flexure without any 
performance degradation for at least 10 cycles. Actual tests provided confidence in 
performance by flexing over 200 cycles without degradation. 

1.1 MICROWAVE FEED SYSTEM FORMATS 

During the initial stages of fabrication, approaches using commercial components were 
considered and ttadeoff estimations compared. The tradeoff comparison given in 
Table 1 was used as the basis for'deciding to design a suspended substrate. Four 
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variations of coaxial feed systems were considered with different power split 
configurations (Le., 2.2.2 giving 3 levels of 3 dB power splits) along with a microstrip 
feed system on the panel, and a reduced height waveguide. Within the mechanical, 
electrical and thermal constraints derived, the suspended substrate system appeared to 
be the optimal solution. 

1.2 FEED SYSTEM REQUIREMEN73 

Analysis of system requirements imposed stringent insertion loss and phase error 
requirements along with difficult mechanical specifications. The required low bellows 
toque to minimize expandable support system stress w a s  met with considerable 
margin. Comparison of measured performance with required minimum specification, 
predicted performance, and measured results shows good agreement (Table 2). The 
power division tolerance was exceeded during test but not corrected because analysis 
of effect on antenna performance was shown negligible even with +2 dB amplitude 
deviation. Power balance within original specification could be achieved by balancing 
the output terminal mismatches with tunable output connectors. 

- 

1.3 FEED SYSTEM LAYOUT 

The system layout is shown (Figure 2) with the power divider sections, bellows 
interconnection points (both valley and apex positions), and the 0.95cm (3/8 inch) air- 
articulated coaxial cables feeding the microstrip panels. The flexible input section 
ends in a TNC female connector interface specified by the customer; the outputs are 
TNC male. 

Coaxial cable output lines were chosen to allow bending underneath the truss members 
to avoid mechanical interference when the SAR is folded. 

1.4 MULTIP.WTOR CONSIDERATIONS A N D  TEST RESU! .rs 
~ ~~~~~ 

Multipactor in high vacuum between electrodes with an RF potential between is a 
function of the peak fiekq potential, the electrode spacing, and the transit time of the 
free electrons affected by the RF potential. The sinusoidally varying electric field 
accelerates the free electrons hetween electrodes in response to the field to cause 
collision with the zlectrodes ard subsequent secc *dary emission. Since the phenomena 
is transit time induced, regions of multipactor occur dependent on the RF field period 
and electrode spacing. Thus, very high fields with small spacing relative to a half 
cycle may not lead to sustained multipactor. The best general rule for design use 
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TABLE 2 

SUSPENDED SUBSYSTEM FEED S','S'I'EM - FUNCTIONAL REQUIREMEN?S 

PARAMETER 

Insertiori Loss-Input Pozt. to $enter 
of Panel! 1 

Input VSWR Rel. SOQ 
With Panels Installed 
With Ports @ 500 

Power Division to Ports 
Bandwidth (6asis for 911 Elect. Perf.) 
Center Frequency 
Input Power - Peak Q D.S. = .045 

Phase Error (Between Panel Poru) 
Weight 
Input Connector Type 
Panel Termination 

\ ,  ;.. 
. 2 ,  

Average 

Temperature Ra-rge 
Storage 
Stowed 
Cperating 
T~i-Stowed-Qud 
Test-Opera ting-S/S Acceptance 

Envelope-Rel. to 1/4" !hick Panels 
Back-to-Back Panel Spacing- 

Fror! t-to-Fron t Panel Spacing- 

Protrusion Beyond Panel Edges 
Flex Joint Torque - Per Hinge (Max) 

Stowed 

stowed 

REQUIREMENT 

0.9 dB 

1.5:l 
1.3:l 

-9 + 0.5 dB - 
+11 MHz 

1275 MHz 
1500 W 
90 w 
+5O 

15 lbs 

- 

- 
TNC Female Rccep. 
3/8" Dia. Alumspline 

Coax 

- 3 ~  .a +14PF 
-49 to + 1 W F  
-40 to + 80°F 

-40 to + 8PF 
-66 to +176'F 

1 3/8" Max 

1/8" Max 
1'' Max 

1 ft-lb 

EXPECTED 
PERF. 

0.84 dE3 

~ . 5 :  1 
1.2: 1 

-9 + 0.5 dB - 
+11 MHz 

1275 MHz 
OK 

+So 
12 lbs 
OK 
OK 

- 

- 

-- 
-- 
-- 
OK 
OK 

OK 

OK 
OK 

1/2 ft-lb 

MEASURED 
PERF. 

.60 dB 

1.5: 1 
1.2: 1 

-9 + 1.0 dB - 
+11 MHz 

1275 MHz 
OK 

+4O 

- 

- 
OK 
OK 

OK 

OK 
0;; 

OK 

OK 
OK 

1/30 ft-lb 
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a .plies a criteria based on the lowest power-spacing combination required lo in i t ia te  
multipactor. This is a f u n c t k i  of the geometry  used and is illrrstrated in curves of 
rnul t ipec tv  rqrorrs for air-lw.ded COM l i i  and parallel plate configurations [ ? I .  
Multipactor can  be cured by interpsi- high quality dielectric provided that care is 
llsed in illling the void This is the cnse where coax cable is used on spacecraf t  at 
k v e l s  above the cr i t ical  multipactor ievel. Other ionization phenomena can OCCUT if 
partial gas entrapment  occurs in the RF structure; caut icn should be exercised if 
dielectr ic  or foam-f i l ld  RF systems are employed. 

The most usicf4 general formula found fo r  des- was provided by Lockheed Aerospace 
and is given be!ow: 

FoteS2 
4 =6.12&16 . - 'BRK 

20 
(1) 

Fo = operating frequency (CHz) 

S = electrode spaci  Q (cm) -3.951010 ki;S  (IN) 
20 = RF s t ruc ture  

5 

d e r k t i c  irnpedsnce (ohm) 

This equation has been ira on prcvious multipactor test measurements  made on 
earlier SEASAT-uspznded substrate mmponen t s  and  appears conservative. Test 
results  re given in Table 3. 

TesCiw is mast  easily performed by monitoring RF pulse re f lec ted  or t r a n s m i t t 4  
powe-. Reflected power is slightl) easic- to monitor fo r  breakdown than insertion iL 

variation but  cot s;g..if ieantly differerd. Wt-re power division components  are tested, 
multipactor in the output a r m s  would be more evident in t h e  insertion loss monitoring 
because of the masking e f f ec t  of the p w c r  division. 

2.0 REFERENCES 

[ I ]  rXlnnis L. Gish, "Ch.mcteristic Impedance acd Phase Velocity of  a 
Dieiectric-S?+Jrted Air Strip T r a n s m i u o n  Line with Sidewalls," lEEE 
%%is. Vol. WIT-18, No. 3, March 1970. 

[2 ]  R. Woo, "Final Report on R F  Voltage Breakdcwn In Coaxial Transmission 
Lines," Tech. Report  32-1500. Jet Prooulsion Laboratory, 1 October 1970. 
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A DUAL POLARIZED ANTENNA SYSTEM 
USING A MEANDERLINE POLARIZER 

HENRY A. BURGER 
CooDYEAR AEROGPACE CORpoRATglN 

ARIZCBIA DMSIm 
LITCHFIELDPARK, ARIZONA 85340 

Certain applietions of synthetic aperture radars, - e.g., aerial crop s w -  
veying, require transmitting on one linear polarization and receiving on two 

orthogonal linear polarizations for a&quate characterization of the surface. 
To meet the current need at minimum cost, it was desirable to use two 
identical horizontally palarized shaped beam anteanas and to change the 
pdarization of one of them by a polarization conversion plate. The plate 
was realized as a fwr-layer meanderline polarizer designed to convert 
horizontal polarization to vertical (see Figure 1). 

Meanderline pdarizers have been used before to convert linear polarization 
to circular P' 21 me linear wave is conceptually split into two components 
which are separated i. phase by 90 degrees to yield circular polarization. 
If the phase shift is increased to 180 degrees, linear polarization results in 
the cwthogonal sense from the original wave. 

The mechanism used for splitting and separatirg the components is the 
meanderline circuit. A plane containing a regular pattern of circuits wil l  

be a reactive surface to an incident wave, appearing inductive to any E- 
field component parallel to the run of the lines and capcitive to any com- 
pment perpendicular to the lines. A series of such sheets can be modeled 
as a pair of periodically loaded transmission lines where the capacitive or 
inchctive loadings act to retard or advance the phase of lhe incident wave. 
By adjusting the reactance values, the spacings between the sheets, and the 
angle of the meanderlines with respect to the incident wave E-field, any 
input polarization may he converled to any outprt polarization. 
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The questioa of llollDormal incidence arises because of the present mica- 
tion. All of the available theory assumes normal incidence on the plane 
conbhhg the circuits. However, in calculating the effects of wave passage 
across a dielectric bounctuy, the m r t i e s  of the boundary are constant. 
The incident wave is coasidered to travel across normal to the mrface, and 
the effects of n o m o r d  incidence angles are accounted for in the propaga- 
tion constant and in the free space impedance. Dielectric material proper- 
ties are invariant with inci&nce angle. It is therefore reasonable to con- 
sider that the same would apply to reactive surfaces. 

Laboratory tests have confirmed that the circuit arsceptance is independent 
of incidence an#e, at least Over the range of angles observed. Tests were 
ma& with a standard flat-panel testing table where the phase and amplitude 
of the transmitted wave were monitored as a function of incidence angle. 
The measured insertion phase differenc 1 was compared with computed 
insertion phase differences assuming that the susceptance of the surface is 
a constant. The results were virtually identical and well within experi- 
mental error (see Figure 4). 

A polarizer was constructed using four layers of meanderline sheets 
separated by precisely machined foam spacers. Because bandwidth was 

not a criterion in this application, al l  four layers were identical. The 
spacers were chosen for the best impedance match for up to 30 degrees 
incidence angle, considering all glue layers, mylar substrates, etc. The 
polarizer was then attached to the shaped beam antenna at about a 20-degree 
ande, as show. in Figure 1. 

The performance of the polarizer was very much as expected, except for a 
tl irjl  cross-polarized energy level (see Figures 2 and 3). The effect of the 
conversion on the shape of the shaped beam was negligible, as was the 
effect on the VSWR. The cross-polarized energy proved to have two 
sources. One source was a result of the small yet significant reflection 
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from the pduizer rehuping tothe antenoa. As the mflectim isalso 
rotated in pd-4 some of this energy is reflected from the h e  of 
the antenna aga@ giving rise to a very low Q cavity. Radiation ultimately 

occurred at the undesired pdarhtion. This component was remcwed by 

including a reaistioe card mode suppressor bebeea the pdarizer and the 
antenna, imd actually manufactured as port of t h ~  pdarizer assembly. 

The second source of cross-pdarieed energy was firaced to the existence of 
surface waves M the polarizer. Two dominant waves could be expected, 
and these could be expected on the outside of the finished assembly as well 

as between the sheets. These modesleaked and manifested themselves as 
a grating lobe structure in the cross-polarized response. Various efforts 
were made to re&ce these modes, including absorber along the edges, 
staggering the circuit elements, etc., Rtt none had any beneficial effect. 
Because this response was sensitive to the angle of the polarizer with 
respect to the antema, an angle was ultimately selected which minimized 
the cross-polarized energy. 

The two antemas of the dual polarized system were arranged one a b v e  the 
other. Because the &-ped beam looked down, the modified antenna was 

placed on top to avoid interception of energy from the adjacent antenna. 
This arrangement resulted in a higver cross-polarization level in the modi- 
fied antenna, but stiU within acceptable limits. 

This research was performed for Johnson Space Center under NASA 
contract NAS 9-15007. 

References: 
1. Blakney, T.L., Wlrnett, J.R., Cohn, S. B.: "A Design Method for 

Meanderline Circular Polarizers. *' 22nd Annual Antenna Symposium, 
October, 1972. 

2.  Young, L.. Robinson, L. A. ,  Hacking, C. A. : "Meander-Line Polar- 
izer. '* IEEE Transactions on Antennas and Propagation, May, 1973. 
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Figure 2 - Horizontally Polarized 
Array Elevation Pattern 

(Bottom A r r a y )  

Figure 3 - Vertically Polarized 
Array Elevation Pattern 

(Top Array with Polarizer) 

INCIDENCE ANGLE (DEGREES) 

Figure 4 - Expected and Mcasclred Change of Insertion Phase Difference 
with Incidence Aigle of A Representative Saadwich Assembly 
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EFFECTS OF RAXGE BTV SHAPE AM) DOPPLER 

FILTER RESPONSR I N  A DIGITAL SAR DATA PRCCESSOR 

CARROLL R. GRIFFIN 

APPLIED RESEXRCII LABORATORIES 
THE UNIVERSITY OF TEXAS AT AUSTIN 

.IUSTIH, TEXAS 78758 

S W Y  

In ca l ibra t ing  the  backscatter coeff ic ient  obtained with an imaging syn- 

t h e t i c  aperture radar (SARI systen! t o  determine absolute values of radar 
cross-section and refl%ctiv,ty it is common p~ - t i c e  t;, use a t a rge t  of 

known radar cross-section placed within the  scene. 

as a point target, but the  return f r o m  it may not be centered i n  the  resolu- 

t ion  ce l l .  It is important, f o r  accurate cal ibrat ion,  t o  perform straddl ing 

corrections based on the  range bin and doppler f i l t e r  response curves. 

A corner r e f l ec to r  a c t s  

1.0 THE CALIBRAT'ION PROBD. 

A method commonly used t o  ca l lbra te  the  backscatter coef f ic ien t  i n  an 
imaging SAR q s t e m  is t o  place a point t a rge t  of h t ~ n  radar cross-section 

(RCS), such as a corner re f lec tor ,  within the imaged area. 
cal ibrat ion t a rge t ,  the  absolute RCS o r  (3' value can only be inferred.  

ure 1 i s  a SAR map made by the  FLAMR (Forward Looking Advanced Multimode 

Radar) System, a d i g i t a l  processor system using binary phase coded pulse 

compression and a doppler s igna l  processor w i t h  16 pre-summed doppler 

f i l t e r s  (sixteen point Conplex Fourier Transform). 

vehicle array at. the  Marine base near B a r s t o w ,  California. 

cal ibrat ion t a rge t  ma i l ab le  i n  the  array,  cr-3s-section da ta  on these 

vehicles may be extracted provided cer ta in  corrections are made, 

Without the  

Fig- 

This i s  a map of a 
With a su i tab le  

1.1 RESOLUTION CELL STPADDLING 

The cal ibrat ion t a rge t ,  a t r i h e d r a l  corner r e f l ec to r ,  may be located w i t h i n  

the imaged area, and i f  i t s  nominal RCS i s  known as a function o f  aspect 

angle, it may be used as a reference, provided it is i n  the  peak response of 
the  range and azimuth f i l t e r  response, and i s  not saturat ing the radar re- 

ceiver. The corner r e f l t  :tm should a l so  be an i so la ted  point t a rge t  well  
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abow t h e  surrounding c l u t t e r  level. 
comer re f l ec to r s  positioned in an agricultural scene mapped by the  

FLAMR SAR. 

one i n  t h e  center  of t h e  arra~r 45.72 cm (18 in.) on the in s ide  dimension. 

Figure 3 i s  t h e  measured response of t h i s  tarzet, so that j-ts value may be 

known, provided i ts  aspect to  the  radar is known. Frequently, however, t h e  

s m p l i n g  g r i d  the  radar system strsddles the  point  t a r g e t  and it then 

becanes necessary t o  correct  t he  observed response i n  both range and cross- 

range for such e f f ec t s .  
the ?met b in  and of the  doppler f i l t e r  response must be known. 

points  may be summarized 8s followsfor the  spec ia l  case of impulse response 
sylmnetry, and invariance of  the  impulse response ir azimuth: 

L e t  

Figure 2 is of  an a r r a y o f  th ree  

The re femnce  corner r e f l e c t o r  for  a* and RCS data i s  the  

of  

In  order  t o  make such a correct ion,  the  shape of 

These 

f = amplitude response of  a r e d o h t i o n  ce l l  = f ( r ,  a) with r 

t h e  range dimension, a t h e  a z i m t h  dimension, then 

and ro, a. is t h e  poin t  of naximum response. 

t a r g e t ,  power receiv?d P is 

For a poin t  

R 
PR = K u 8 (rt, a t ) ,  i n  which (2  1 

all t h e  constant radar parameters (including the  range, although it may 

cause a usual ly  negl ig ib le  e r r o r )  are lumped i n t o  a constant K, and rt, at 

define t h e  ac tua l  posi t ion of the s c a t t e r e r  of  cross-section u i n  the 

resolut ion cell.  "he value of 8 (ro, ao) = 1. The s t raddl ing  correct ions 

i n  azimuth and range are made t o  e f f ec t ive ly  convert t h e  v a l c  of f 

t o  unity,  so t h a t  t h e  result is: 

2 
(rt, at' 

pR = K u r2 (ro, ao) = KO 
8 ( r t ,  a,) 

from which K may be known 

K =  pR 

f2 (rt,  at)  

(3) 

( 4 )  

assuming u i s  known fo r  the reference ca l ibra t ion  t a r g e t  (corner r e f l e c t o r ) .  
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1.2 STRADDLING CORRECTIONS 

The process of modfrying pR by the  f ac to r  8 (rt, at) is  a two-ste? one using 

the range end azimuth s t raddl ing  correct ion curves. 

bhe response cums of a range bin and doppler f i l ter ,  which &re presented i n  
Figure 4. 
12 and 24 meters (20, 40 and 80 feet). 
for t h e  3 r e so lu t ims  but  t he  range b in  shape w a s  not ,  as may be observed. 

Figure 5 ind ica tes  how two adjaccnt range birls overlap and t h e  correct ion 

curve which mw be derived f o r  s t raddl ing  corrections.  

Tiese are derived from 

This p a r t i c u l a r  SAR system had 3 nominal resolut ions of 6 meters, 
The doppler f i l t e r  shape w a s  constant 

1.3 !ME COR3ECTION CURVE 
The s t raddl ing  correct ion curve is obtained by p l o t t i n g  t h e  difference be- 

tween t h e  m a x i m m  of t h e  response curve and t h e  value at every o the r  point  

88 a function of t h e  d i f fe rence  between m e  curve and i t s  adjacent neighbor, 

up t o  the  poin t  of zero difference,  both toward, and away f m m ,  t h e  radar. 

FrGm t h i s ,  it is evident  t h a t  tlie max imum correct ion w i l l  be required when 

t h e  t a r g e t  exh ib i t s  equal re turns  i n  ad.jacent rawe bins .  

for obtaining t h e  correct ion curves may be understood by r e fe r r lng  t o  Figure 

5. When t h e  f i l ter  response is symmetrical, as it i s  i n  azimuth, t he  "r- 
rect ion curve i s  the  same e i t h e r  i n  t h e  mapping d i rec t ion  o r  away from €t. 

lbis procedure 

2.0 CORRECTION OF OBSERVED DATA 

A print-out of the p ixe l  da t a  i s  useful i n  making the  s t raddl ing  c o r r e c t i d ,  

on a point t a rge t .  

azimuth l i n e s  and 384 range b ins ,  need not  be pr inted.  

can usually be roughly located using a measurement of a map photograph. 

Figure 6 i l l u s t r a t e s  t h e  procedure. 

ta t h e  maximum is  used i n  azimuth, and i n  -awe,  t o  obtain the  difference.  

Y , l a r g e r  range difference is  away from the  radar ,  1 5  f i l t e r  magnitude 

% d u e s .  

t he  upper curve of Figure 5 ,  gives a correct ion i n  f i l t e r  magnitude values 

t o  be added t o  the  max imum.  The f i l t c r  magnitude values can be converted 

t o  d? by multiplying by the f ac to r  .376 o r  approximately 3/8. 

The e t t i r e  map, which i n  the FLAMP, case cons is t s  rf 556 
The corner r e f l e c t o r  

The f i l t e r  magnitude value next l a rges t  

Entering the  range s t raddl ing  correct ion curve ''away from the  radar'' 
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Thie i s  because the  recorded f i l t e r  magnitude 1ogaritkn;c data i s  

' q n o r i ~ g  compute1 f'unction algoritl-m e r ro r .  

&at8 are recorded i n  an &bi t  format with a m a x i m u m  possible  recorded vrJue 

of 193. 

The ij g i t a l  f i l t e r  magnitude 

I n  decibels  the f i l ter  magnitude is  given by 

2.1 OBTAINING T;IE CALIBRATION FACTOR 

The s t raddl ing  correctior? curve m a y  be e i t h e r  i -  dB o r  i n  f i l t e r  magnitudes. 

Figure 6 i l l u s t r a t e s  hox t he  value o f  K i s  reached wi th  straddlir 

++oris ana corrections f o r  off-bore si te aspect of t h e  radar  t o  tne  ~sr:.:r 

ref l e  c t  tlr. 

'*oi'iec- 

2.2 DETERMINING AN AREA FACWB FO,? 0'. 

%e e f fec t ive  area f o r  the resolut ion c e l l  i s  required i n  calculatiolis  o f  

r e f l e c t i v i t y  f o r  &ifevent  tqpes of  terrain. 
average the values f o r  a r tp re sen ta t ive  sample of  p iye ls ,  tipply the  cal ibra-  

t i o n  f ac to r  an3 then divide by the  e f f ec t ive  area of' a pixel .  

The usual procedure is t o  

( 7 )  2 uo (dB) = u (d€!?n2? - 10 Log Area (m ) 

The a2fect ive area is t h e  e f f ec t ive  range dimension times t i - e  e f f ec t ive  a L i -  

muth dimension, found by Antegrating the  areas under the  impulse response 
curves and dividing by the  peak respouse. Table 1 provide.; these - d u e s  as 

obtained f o r  t he  F W  System. 
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3.0 OBTAIXINC THE M C E  AHD AZIMUTH FILTER RES'OHSE 

The system was measwd using a large (30,GOO m 

an a hill (Baldwin Ifills) about 10 kiloareters fmm the Los kngeles 

Internat ioaal  Airport with a clear radar line-of-sight. 
of the test bed aircraft on t h e  ramp at its operating bssc. 

put under manual control and with the corner r e f l ec to r  return positioned i n  

the  zero doppler (d.c. 

changing the  start range window. The start range is moved through at. least 

thrpc range bins, and the data recorded Pram d.c. filter. O f  course, system 

power is monitored and various system parameters are recorded f o r  any con- 
figuration variables,  such as number of pulses per  array, pulse compression 

l e n e h ,  code and sequence. "he data obtained may then be p lo t ted  3s a 

function of range and several  of the  curves averwed t o  obtain the  average 

response of the system i n  range for t h e  d i f f emnt  bandwidths ( resolut ions)  

available. The doppler filter shape  may be measured i n  much t h e  same way, 

by adJusting the  frequenq synthesizer i n  approximately 1/10 f i l t e r  width 

increments over a range of from at least the  center of f i l t e r  fc-4 t o  the  

center of  f c  + 4. 
is characterized by the expression 

2 comer  reflector s i tua t ed  

Figure 7 is a v i e w  

The system is 

filter, the  range is incremented by -75 meters by 

The d i g i t a l  doppler f i l ter  is w e l l  behaved, and f o r  FLAMR 
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s in  (E) 
f(x) = 

2 
1+.06 x (id 

Vhich rq be squarcd and the area obtained i n  vatt-seconds by integrating 

-der the curve using the  method of residues. 
m4y k integrated using Simpson's Rule or some other procedure. 

The cu17es for range response 

1.0 TrPIcAL R%NLTs 
Withod going into detail, sope typical results are provided i n  Figure 8, 
for  the ref lect ivi ty  of vaiic\~s types of scene content frm Figure 1. 
values uere obtained by use of the calibration factor obtained using t he  

corner reflector data of Figure 3. 
aircraft data tapes (alt i tude),  f r o m  the radar map (azimuth l ines  vs. road 

directions), and ground t ruth infomation regarding the  orientation of the 

reflector. 

These 

Aspect angle data were obtained fram the 

1. Grimn, C. R., Amendment t o  ARL:JT '3kchnica.l R e p o r t  TR-76-8 "Radar 

Reflectivity Study", AFLITM-77-1, 6 January 1976 
2. Rasco, W. A., and Griffin, C. R., Radar Reflectivity S t u k ,  ARGTR-76-8, 

Air Force Avionics Laboratory, March 1976 
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Figure 3. Measured RCS of a 45.72 cm Trihedral Comer Reflector 

Figure 4. Range Bin end Doppler Filter Response Curves for FLAMR 

V-1-8 



STRADDLING CORRECfIO?4S f OR 
RANGE AND AZIIIUTH FILTER S W E S  

I. 
I. 
ir 

:: . 1 I. 

5 -  . * -  
" I  . 

2 . 
0.. L.. t h l  

Figure 5.  Adjacent f i l t e r  overlap and Derived Straddl ing Correction Curves 

F i l t e r  Magnitude Original Value 16 3 
Data in Region of Azimuth Straddl ing Correction 001 

Corner Reflector Range Straddl ing Correction 012 
176 

i ! . Q  
A f U  

128 163 149 u CR = 27.4 dB 
Az/E1 cor rec t icn  = -2.1 d.3 

u CR = 25.3 dB 
K = (.376) (176) - 25.3 = 40.7 a 

10 5 

f Azimuth 

Figure 6 .  Establishing the value of K using straddling and 
Aspect Angle Corrections. 
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. b N?8:3 
ELEcTROllIC SAR PROCESGORS FOR SPACE MISSIONS* 

CHIALIB wu 
JET PROPULSIOB LABORATORY 

CALIwRloIA IIospIRlTE OF TEcHloOLocy 
PAsADE14A, CALIFaRBIA 91103 

SUMMARY 
This paper reports some interim results relating t o  an on-going ef for t  to  de= 

velop an electronic processor for  rea l - t ime processing of synthetic aperture 
radar data. 
testbed for  design of on-board processors for  Puture space missions. 
paper describes the configurstion of the experimental processor and discus- 
ses technical factors pertaining t o  t h e  design. 

1.0 INTRODUCPIOIV 

The u t i l i t y  of airborne synthetic aperture radar (SAR) [l] [2] has been ex- 
tensively investigated i n  t h e  past two decades. 
of microwaves t o  penetrate through clouds and t h e  unique contrast character- 
i s t i c s  i n  SAR imagery, radar imaging is considered par t icular ly  usef'ul for .  

surface topographic mapping and for  all-weather sea s t a t e  observations. To 
extend t h e  u t i l i t y  of airborne SAR so that the imaging radar could also be 

used as a global environmental aonitoring device, NASA i s  planning t o  launch 
a series of earth and planetary spacecraft with on-board imaging radars. 

The SEASAT-A satellite which w i l l  be launched i n  May 1978, i s  the first i n  
the  series. 
w i t h  25 meter resolution and 100 lan swath width on the earth's surface [3] .  

The high resolution and wide swath coverege called fo r  by the SEASAT-A SAR 

imply an extremely high data acquisition rate. 
developed ground-based d ig i ta l  tape recorder with 120M bi t s  per second re- 
cording capability. 

An experimental laboratory processor is being developed as a 
This 

Because of the capability 

The SEASAT-A radar i s  designed t o  be able t o  produce imagery 

SEASAT-A w i l l  use a newly 

The large amount of SAR data acquired must be processed 

This paper presents the  results of one phase of research carried out 
at the Jet Propulsion Laboratory, California I n s t i t u t e  of Technology, 
under Contract No. NAS7-100, sponsored by the National Aeronautics 
end Space Administration. 
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t o  produce images i n  a satisfactory format. 
ths doppler characteristics of spaceborne SAR data, the SAR processing and 
associated compensation procedures can be very involved. 
SAR processors are not able to produce the imegery in a timely and economic 
manner. 

Inro to various peculiarities in 

Currently available 

Although SEASAT-A SAR sets a data acquisition rate from the spaceborne sensor 
that is unprecedented, Puture earth orbit imaging radars may adopt similar 
performance criteria and data acquisition requirements. 
meet the data processing needs in f’uture anticipated operational radar imaging 
missions is to employ on-board SAR processors. Such on-board processors would 
produce SAR imagery from echo signals in realtime. Not only can the trans- 
mission bandwidth for imagery data be reduced by a large factor (compared with 
the unprocessed raw data transmission rate), but direct image transmission to 
users in the vicinity of the sensor also simplifies the data handling and 
distribution procedures. 

An effective way to 

To achieve the goal of on-board SAR processing, JPL initiated a phssed 
development task in the beginning of FY 77. 
ment of a groundbased experimental SAR processor. 
the capability to perform realtime SAR processing. 
and device technology will be chosen to be amenable to future on-board 
implementation. After its completion, scheduled for the end of FY 79, the 
performance of the processor will be evaluated by processing a 20 km swath of 
the then available SEASAT-A SAR d8ta at the real-time data rate. 
image data will comprise 4 looks and exhibit 25M resolution. 
of the work involves the design ane cor,:;truction of a SAR processor to be used 
in an on-board processing experiment on a future Shuttle Imaging Radar (SIR) 
mission. 
processor will be developed for a 1983 Venus Orbital Imaging Radar (VOIR) 
Mission. 
the completion of the ground based exptrimental processor. 
concepts, details of the design, and perhaps some specially developed devices 
will be directly applicable to these follow-on activities. 
emphasis has been placed on the development of on-board SAR processors, the 

The first phase involves develcp- 
This processor will have 
The processor architecLure 

The output 
The next phase 

Also, it is anticipated that a simple low-resolution on-board SAR 

The development of these two on-board processors may begin prior to 
Nevertheless, 

Although the 
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ground-based experimental SA€? processor naturally will serve also as a model 
for real-time ground staticn processing of future spacecraft-gathered SAR data. 

The task of developing the experimental SAR processor was divided into the 
following three phases: 
implementation. 
The task is currently in the phase of detailed $.esign. 
in the system design phase include the formulation of the design requirements, 
the selection of the correlator architecture, and the development of real-time 
processing control procedures. This paper reports some results related to the 
processor s y s t m  design and analysis. A brief description of the overall sys- 
tem will be given first. 
characteristics will be discussed to establish the design requirements for the 
azimuth correlator. 
correlator architecture, the clutterlock approach, and the procedures for 
generating processing parameters in real-time. 

the system design, the detailed design, and the 
The system design phase was concluded near the end of FY 77. 

Major issues resolved 

Study results related to the spaceborne SAR doppler 

Discussion then proceeds to the criteria for se1ectir.q a 

2.0 SAFt PROCESSOR REQUIREMENTS 
An important reason for developing the experimental SAR processor is t3 obtain 
a breadboard applicable to several future operationcl spaceborne SAR missions. 
To meet this obJective, the data processing needs for several mticipated future 
spacecraft SAR missions were analyzed to establish a set of design requirements 
and guidelines f o r  the experimental processor. 
include the Shuttle Imaging Radar (SIR) flights, the 1983 Venus Orbital Imaging 
Radar (VOIR), and the SFASAT follow-up missions. 
still in the planning stage. 
are not yet fully established. 
to require a high resolution imaging mde, which provides mdtiple-look images 
at a spatial resolution cmparable to the 25 meter resolution rcquired by 
SEASAT-A. 

data will be the only spaceborne SAR data available by the end of 1979 lead to 
the selection of the S W A T - A  SAR as the reference radar sensor for the develop- 
ment. The sensor characteristics and the performance requirements of the 
experimental processor (adopted from the SEASAT-A specifications ) are tabulated 
in Table 1. 
ing data over a wide swath. 
SEASAT-A SAR swath, was chosen fo r  the experimental SAR processor. 

Those anticipated missions 

Most of these missions are 
The radar parameters and the performance criteria 
The mission objectives, however, are expected 

This observation in conjunction with the fact that SEASAT-A SAR 

A modular approach was chosen t o  simplify the problem of process- 
A swath width of 20 km, which is one-fifth of the 
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SAR Systaa Parsmatem (SEASAT-A SARI 

SAR Orbit 

H d n a l  Altitude 

19dnal Speed 

Transmitter Frequency 

Pulse Repetition F'requency 

Pulse Width 

Pulse Bandwidth 

A/D Rate for Range Offset Signals 

AID Window 

Antenna Dimension 

Antenna Lcok Angle 

Attitude (roll, pitch, yaw) Accuracy 

Experimental Processor Performance Requirements 

f3lcrge Swath 

Image Resolution 

Number of Looks 

Imsge Dynamic Range 

Data Processing Speed 

SEASAT-A Crbit 

794 km 

7450 m/sec 

1275 MEfz 

1463,1537,1645 Hz 

33.8 tr sec 

19 MHZ 

45.03 MHz 

288 I.! sec 

2m x lo.* 
20' cone, 90' clock 

fO .5O 

20 km 

25 m 

4 

50 dB 

Real-Time Rate 
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A block diagram of the expuiamtal SAR processor is shown in Figure 1. The 
thme W o r  elements i n  the processor are the range correXator, the azimuth 
correle&or, and the control processor. The range correlator caPpres8es the 

transmitted pulse waveform into a short pulse. !he synthetic aperture pro- 
cessing which refines the tmtenncr aeimuth b e d d t h  i s  performed i n  the ad-  
nrth correlator. The control processor is mainly responsible for  the gener- 
ation of a target  response function which is  matched to  the  recedved echo 
signals. The control processor also produces various t imill lg signals t o  
synchronize the data processing operations. 
gure 1 also indicates t h a t  the range correlation is performed prior t o  the  

e z M h  correlation. 
ler response of a target is range &pendent. 
this requirement is given in [41. 

The block diagram shown i n  Fi- 

This order can not be altered since the  azimuth Dopp- 

A more detailed discussion of 

4 HIW RATE 
SAR DATA 3 3 SAR RANGE AZIMUTH 

~- IMAGERY CORRELATOR CORRELATOR 
A 

M 1 SYSTEM 

T IMING AND R t  FERENCE 
CONTROL - - 4 ;EQL'ENCER - i 1 FUNCTION SPECTRUM 
SIGNALS GENE RATOR ANALYZER 

1 ------------ - ---e- J 

' I  
I I  AZ. REFERENCES 

- I-+ L d I  

SiNGLE-LOOK 
IFIRGE LINES 

ORIGINAL PAGE IS 
Ooe PWit WALITY 

4 A A  I 

I I 
ORBIT DATA ATTITUDE 

AN0 SAR DATA 
PARAMETERS 

Fig. 1 The Experimental SAR Processor Blockdiagi--am 

The design of the data flow rate in  the procesbor also needs some special 

crmiideration. It i s  necc ssary t o  accommodate different pulse repeti t ion 
frequency (PRF) values, 
determined by t h e  radar bandwidth, and thus is independent of the PRF. To 

make the system tolerant of changes i n  the value of the PRF, a harmonic of 

t h e  PRF i s  used t o  synchronize the  data processing operations. In  multi-look 
processing, the iluage data output from the overlw regis ter  occurs i n  bursts. 

The sampling frequency 01' the received echo i s  
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T i m  expansion t o  achieve a near uniform output rate is des i rab le .  

clock rate derived from t h e  input sample clock can be used t o  prodace a uniform 

A constant 

I output data rate. In  t h i s  arrangercent, t h e  input and 01 ~ data  rates are 

properly matched and are independent of P R F  changes. 

!Fk range c 

fmction compared with t h e  synthe t ic  aper ture  processing. Also, it i s  a n t i c i -  

ted t h a t  future missions Will use t ransmi t te r  codes o ther  than t h e  l i n e a r  

? l a t ion  i n  SAR processing is a r e l a t i v e l y  streightforward 

Fb? ch i rp  of SEASAT-A SAR. 

programmable d i g i t a l  matched f i l t e r s  f o r  t h e  experimental SAli processor. 

For these  t w o  reasons, it is planned t o  u t i l i z e  

The development emphasis i s  on t h e  synthe t ic  aper ture  processing. 

discussions r e l a t i n g  t o  t h e  azimuth co r re l a to r  and t h e  cont ro l  processor a re  

given i n  t h e  following sect ions.  

Detailed 

4.0 m C A P W X W R E P  5 ‘  ROCESSING FOR THE SPAQ?BGRNE RAD& 7s 
Accurate knowledge of t h e  t a r g e t  Dopy ,.er cha rac t e r i s t i c s  i s  essent j  al. t o  

produce high qua l i ty  spaceborne SAR imagery. 

t a r g e t  Doppler cha rac t e r i s t i c s  are therefore  discussed i n  d e t a i l .  

4.1 

The f ac to r s  which determine t h e  

THE SPACEBORNE SAR DOPPLER CHARACTERISTICS 

In  a coherent radar  system such as a SAR, t h e  var ia t ion  of phase in  t h e  

returned s igna l s  is d i r e c t l y  r e l a t e d  t o  t h e  dis tance h i s to ry  between t h e  

sensor and t h e  ta rge t .  

a l e n t  t o  t h e  study of t h e  r e l a t i v e  motion between t h e  sensor and t a r g e t s  on 

t h e  planet  surface.  

usual ly  more complex than t h a t  f o r  an airborne ‘.AR. For t h e  spaceborne SAR, 

both t h e  sensor and t a r g e t s  must be t r ea t ed  a, mcving bodies. 

many cases  is fur ther  comglicatad by t h e  f a c t  t h a t  t h e  curvature of t h e  p lane t ’s  

surface causes t h e  t a r g e t  ve loc i ty  vector  t o  depend upon t h e  pos i t ion  of t h e  

t a r g e t  i n  t h e  swath, 

spacecraf t  o r b i t  and an obla te  planet  surface.  

i n  t h e  o r b i t  i s  f i r s t  chosen according t o  a specif ied o r b i t  iitit,;Li! angle. 

The pos i t inn  of the t a r g e t  then ccn be determined by specifying a radar at%itu;fe  

angle, 
velcc i ty ,  and accelerat ion vectors  over a vexj  shor t  period o f  shnthet ic  

aper ture  in tegra t ion  then t h e  dis tance h i s to ry ,  R(t), can by approximated by 

the  following expression: 

The ana lys i s  of doppler phase h i s to ry  thus  i s  equiv- 

The r e l a t i v e  motiol? prob!em f o r  a spaceborne SAR i s  

The problem i n  

To analyze t h e  problem, we have assume6 an e l l i p t i c a l  

The pos i t ion  of t he  spacecraf t  

Assuming t h a t  KO, 70, and xo are respect ively,  t h e  r e l a t i v e  pos i t lon ,  
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U i t h  t h e  distance his tory  shovn above, the phase h is tory ,  + ( t ) ,  can be 

approximated as follovs: 

and A is the radar vaveiength. 

instantaneous doppler frequency and t h e  loppler  c h i r p  rate at the  center  of t h e  

aPedUre. Eqs. 2 and 3, show t h a t  the  doppler center  frequency is a function of 

relative speed along the  radial d i rec t ion ,  whereas the qopplzr chirp rate is a 

m c t i c n  of t h e  r e l a t i v e  accelerat ion.  The first term i n  t h e  radial accelera- 

t i o n  can be referred t o  as the cen t r i fuga l  accelerat ion.  The second term is a 

direct result of the acce lera t ion  vector  which is mainly due t o  t h e  g rav i t a t ion  
effect on t h e  spacecraft  free o r b i t  motion. 

The two factors F and F shoun above are the  

A numerical study of the  sensor-target r e l a t i v e  motion problem showed t h a t  

EQ. 2 provides an accurate  measure of t h e  phase h i s to ry  over t h e  full 2.5 
second SAR in tegra t ion  time required by SEASAT-A. 

that the  doppl6r frequency and t h e  doppler ch i rp  rate are t h e  €w most important 
parameters f o r  azimuth cor re la t ion .  

var ia t ion  i n  the antenna r o l l ,  p i t ch ,  and yaw a l t i t u d e ,  the  range of doppler 

frequencies and ch i rp  rates t h a t  tb.e azimuth co r re l a t ion  nust  accept are 

p lo t ted  i n  Figures 2 and 3. 
and chi rp  rate are dependent upon both t h e  spacecraf t  pos i t ion  and t h e  t a r g e t  

This leads t o  t h e  conclusion 

Assuming a plus  and minus one degree 

These two figures show t h a t  t h e  doppler freqllency 
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slant range. The axiruth corre la tor ,  therefore ,  must be desiepled t o  
-te such variations i n  the processing parameters. 

’hn, 4 0 r  design requiraeats of particular importance are the  synthetic 
aperture in tegra t ion  t i m e  and tbe amount of range migration to  be compensated 
over the aperture width. 

the follaViag factors: the doppler ch i rp  rate shown i n  F i w e  2, t he  sensor  

speed relative to  the planet’s surface, and the azimuth resoluC,ion requirement. 
It vas detvrined that a 0.62 secad-per-10011 in tegra t ion  t i m e  meets the 2% 

resolction requiresent.  

is about 1020 st t h e  highest  PRF value. 

pi tch,  snd yau corresponds t o  a doppler frequency range of spproximately 

23OOO a. 
capability of 128 range bins (cacplex samples) over t h e  total four-look 

integration the. 

The required in tegra t ion  t i m e  is determined based on 

The number of range pulses  to  be in tegra ted  per look 
0 An a t t i t u d e  va r i a t ion  of -+I i n  roll, 

Such a doppler frequency range calls for a range valh compensation 

The eccuracy required for thedopp le r  frequency and t h e  doppler ch i rp  rate 
used for azimuth co r re l a t ion  vas invest igated.  

cen ter  Prequency causes a s l i g h t  d e p d s t i o n  in the  image signal-to-noise 

ratio. To a m i d  double feat*xres i n  t h e  processed imagery which result from 

spectrum foldover, t he  error must be kept within t h e  d i f fe rence  betveen the 

PRF and t h e  processing bandvidth. 

function with respect t o  the target slant range. 

t i o n  processing, t h e  c r i t e r i o n  is that t h e  phase error at both ends of  the 

synthe t ic  aperture, as caused by an incor rec t  -.otimate of t h e  ch i rp  rate, must 
be within ?goo. 
directly results i n  misreg is t ra t ion  of t he  p ixe l s  produced from single-look 

processing. 

t o  l i m i t  t h e  misregis t ra t ion e r r o r  t o  v i t h i n  one-quarter of a reso lu t ion  ele- 

ment, t he  accuracy of t h e  predicted doppler ch i rp  rate .,Jst be -5thin 0.5 Hz 
per second. 

A small e r r o r  i n  t h e  doppler 

The doppler ch i rp  rate is a slowly varying 
For s ingie- lmk high resolu- 

For multiple-look processing, an e r r o r  i n  t h e  ch i rp  rate 

To produce 25n resolut ion 4-look imagery from SEASAT-A S P ,  and 

4.2 THE DESIGN OF THE AZIMUTH CORRELATOR 

4.2.1 A TIME DOMAIN CORRELATOR ARCHITECTUSIE 

The azimuth co r re l a to r  performs t h e  co r re l a t ion  between t h e  radar s igna l s  and 

t h e  predicted p o i n t  t a r g e t  response. The a rch i t ec tu re  se lec ted  must have: 

v-3-9 



(1) the capability t o  aceamdate the  varyb& d6ppler charscteristics in real- 

e-, (2) S f . g p l i C i e  h tht proCeS8h4 COnt rOl ,  and (3) m b u i t y  t o  
-board implenentatioa. 
-se using electronic processing t-'tcbnipues include the mestage and tx-- 

stage fast Fourier transform approaches [ 5 ,  61, t he  time-dmain corre1at.h 1 

approaches [7, 8 ,  91, the  digital  matched filters (41, etc. For the sp u + 
borne SAR processing application, where high resolution multiple-lock imt.4ing 

is required, t he  tiaac-doaaain correlation approach was selected for  i m ~ i s n m t a -  

ti-. 
high degree of parollelism that facilitates custom 1arge-scaleinte.g-atcd. (IS11 

circuit implementstton, and the  relatively simple control for the  pi.cces3 ng 

and multiple-look registration. me selected ti.me4omai.n architectarc, si o m  

in Figure 4, involves many phase shirters and data accumulators. 
detailed discussion of this architecture and t he  associated IS1 hp l tumta t ion  
consideration is provided i n  [lo]. 

A nurber of processor architectures are available. 

'RFD mor advantages associated with the  time-domain approach are the 

A mre 

LINE 
STORK€ 
FOR 
COHEREWT 
INTEGRATION 

Fig. 4 

4 4  4 c 
GATE 

MULTIPLIER 

MOER 

ACCWLATDR 

CORRELATED 
M I X  > OUTPUT 

A Time-Domain Azimuth Correlstor Architecture 
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4.2.2 - MnTfPLE LOOK RM;IS!mATIOIo 

To produce multiple-look imagery, t h e  time-danain correlators are structured 

i n t o  a nmber of modules, each producing single look imagery. Assrmaing that 

t h e  doPPler center  fr'equency and t h e  doppler ch i rp  rate are known, t h e  phase 
reference flmction over t h e  total  synthe t ic  aperture is determined by Eq. 2. 

This function w i l l  be partitioned i n t o  several s e p e n t s  of equal length.  Fach 

segment of  t h e  reference hract ion is then used t o  produce single-look imagery. 

This method causes t h e  d i f f e ren t  looks at each t a r g e t  l oca t ion  t o  correspond 

t o  da t a  acquired at d i f f e ren t  times r e l a t i v e  t o  t h e  center  of t h e  synthe t ic  

ayrture.  

delfqf a u s t  be applied t o  t h e  output of single-look image l i nes .  

r i g h t  parameters i n  Q. 2 for t h e  reference,  and assuming t h a t  t h e  length  of  

synthe t ic  aperture is set to be a constant for each look, t h e  timing delay t o  

register t h e  image l i n e s  frcua adjacent  looks is a constant throughout t h e  

swath. (This is m c h  simpler than t h e  multiple-look r e g i s t r a t i o n  problem 

associated with t h e  doppler frequency f i l t e r i n g  processing approach. 

approach requi res  two-dimensional resampling t o  accomplish accurate  r eg i s t r a -  

t i o n  of t h e  separate looks at each pixel . )  

To overlay t h e  separate looks at t h e  i m a g e  element, t h e  proper t i m e  

Using t h e  

That 

k . 2 . 3  AZIMUTH CORRELATION W I T H  PREFILTERTNC 

Each sirigle-look azimuth co r re l a to r  module is designed t o  process a por t ion  

of t h e  azimuth bandwidth. The data rate f o r  t h e  co r re l a t ion  processing can 

be reduced by implementing p r e f i l t e r s  t o  reduce t h e  da t a  bandwidth. 

of p r e f i l t e r i n g  approaches can be used. 

i n  f r o n t  o f  each azimuth cor re la tor .  

and lowpass filters t o  perform t h e  p re f i l t e r ing .  

Two kinds 

One approach i n s e r t s  a bsndpass f i l t e r  

The o ther  approach uses a set of mixers 

The time domain co r re l a to r  a r ch i t ec tu re  shown i n  Figure 4 can be used t o  

perform both t h e  p r e f i l t e r i n g  and t h e  azimuth co r re l a t ion  functions.  

function generation is  easier t o  accomplish f o r  t h e  bandpass approach than f o r  

t h e  mixing approach. Using t h e  proposed co r re l a to r  a rch i tec ture ,  t h e  bandpass 

f i l t e r  can be implemented by applying a reference function which i s  t h e  product 

of a f i n i t e  s tage  l o w a s s  response and a sinusoidal  wave with a frequency equal 

t o  t h e  center  frequency of t he  passband. 

azimuth co r re l a to r  i s  merely a sec t ion  of t h e  o r i g i n a l  phase h is tory  of Eq. 2 

Reference 

The reference function f o r  t h e  
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-led at a lover rate because of t h e  reduced azimuth bandvidth. 
ma th ,  t h e  references for both p r e f i l t e r i n g  and azimuth corre1atZ.m must be 

Safusted t o  account for t h e  fact that t h e  doppler center  f’requemy and t h e  

dappler chirp rate are dependent on slant range. 

Over a vide 

The prefiltering approach implemented by mixers has t h e  advar-tage t h a t  ref- 
erences for both t h e  f r o n t  lowpass filtering and the azimuth co r re l a t ion  are 
independent of t h e  doppler center  frequency. 

however, is complicated by t h e  f a c t  t h a t  va r i a t ion  of t h e  dogpler center  

frequency along t h e  swath coupled with t h e  target range walk e:.fect introduces 
another chirped phase f a c t o r  i n t o  t h e  radar echo s ignals .  

qua l i t y  imagery, it would be necessary t o  compensate f o r  t h i s  eff tc t .  

The ca lcu la t ion  of t h e  references,  

To produce high 

Tk ca lcu la t ion  of t h e  reference function has a large effect on t h e  SAR image 

quality, therefore ,  it must be t r e a t e d  very carefu l ly .  

tion o f t h e  referencc function and discussions r e l a t i n g  t o  t h e  effects of  

phase angle quantization and t h e  number of samples in tegra ted  are intended t o  
be t r e a t e d  i n  a subsequent paper. . 

More detaiied descrip- 

4.2.4 RANGE 114TERPOLATION FUNCTION 

The inpL‘t data represent discrete samples of  t h e  radar echo s igna l .  

timing of t h e  sampling pulses  is such that they form a rectangular  g r i d  i n  the 

two-dimensional range and azimuth plane. However, the range delay h i s to ry  of 

a point  t a r g e t  follows a near parabolic curve. Therefore, t h e  discrete d i g i t a l  
samples do not coincide u3;h t h e  l o c i  o f  maximum power re turn  from a point  tar- 

get. If the  processor operated upon the set of d i s c r e t e  samples comprising t h e  

nearest-neighbor approximation of  t h e  curved t a r g e t  delay h is tory ,  it would 

cause 8 loss i n  t h e  p ixe l  signal-to-noise r a t i o  as w e l l  as a broadening of 

t h e  target response. 

t he  target re turn  curves would perform better than t h e  nearest-neighbor 

approach. 
i n t e q a l a t i o n  were conducted. 

te rpola t ion  which involves the  weighted sum of four  o r ig ina l  range samples and 

introduces only one mid point  between two samples is as e f f ec t ive  as higher 

order  range in te rpola t ion  methods. 

The 

Use of range in te rpola t ion  t o  introduce poin ts  nearer  t o  

Both ana lys i s  and simulation regarding t o  t h e  effect of range 
Simclation results indicated t h a t  a s ing le  in- 

Two fundamental reasons f o r  suggesting 
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t h i s  re la t ive ly  simple interpolator  can be s t a t ed  as follovs:  

spec t ra l  response may not be known exactly. 

t i o n  are often quantized t o  only a f e w  binary b i t s .  

that both t h e  interpolat ion model and t h e  input da ta  w i l l  be imperfect. 
Therefore, t h e  performance of an interpolator  vi11 not be a mmtonical;,r 

increasing f’uncticn of its complexity [ll]. 

ducted only along t he  range direct ion.  The in te rpola tor  outputs one i tcr- 
p l a t e d  data sample i n  addition t o  each or ig ina l  data sample, and it tht-re- 

fore doubles t h e  data rate at  t h e  input t o  the  azimuth correlators .  

gates shown i n  Fig. 4 se l ec t  t h e  r igh t  data  sample t o  be used i n  subsequent 

processing. 

1) The range 

2) The data  input for correla- 

These two fac tors  imply 

Note t h a t  inter2olat ion is  con- 

Tht range 

It has been determined t h a t  coherent speckle noise i s  a major source of d i s -  

t o r t i on  on SAR imagery. 

small compared t o  the  speckle noise. 

Error associated with imperfect interpolat ion i s  

Current baseline design of t he  azimuth cor re la tor  uses single-look correlator  

modules. The 
time-domain correlator  archi tecture  shown i n  Fig. 4 will be implemented f o r  

t he  single-look modules. 

Each module produces a 20 km swath of 25 m resolut ion imagery. 

It is also required t h a t  t h e  implementation be f lex ib le  enough such t h a t  a 

p re f i l t e r ing  operation later can be eas i ly  incorporated a f t e r  real-time 
processing using the  time-domain approach has been demonstrated. 

The compatibility between the  20 km corre la tor  module and the  overal l  100 km 

swath processing w a s  a l so  considered. Using t h i s  20 km a t h  cor re la tor  as  o. 

building block, f ive  modules would be needed f o r  real-time prc assing of  

SEASAT-A SAH data. Each module would be associated with i t s  own input and 

output in te r face  buffers.  The data system design incorporating the  require- 

ments set for th  by the  range compression r a t i o  and the  synthetic aperture 

length a re  summarized i n  T3ble 2. 
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TABU 2 

DATA lWl% ANI;, STOPAGE DESIGN FOR 

REALTIME: SEASAT-A SAR PROCESSING 

Input Interface 
Input Data Rate 
Width of Input Gating 

Gating Delay Between 20 km Modules 

Double Buffer Data Storage 

Output Data Rate 
20 km Correlator Module 

Input Data R a t  e 

Input Pulse Width 

Range Zorrelated Pulse Width 

Azimuth Correlator Input Data Rate 

Synthetic Aperture Integration per look 
Range Samples after Azimuth Correlation 

Output Burst Data Rate 

Output Interface 

Input B u r s t  Bate 

Double Buffer Datr Storage 

Output Data R a t  e 

45.53 m 
4096 Samples 

2304 Samples 
4096x2 Samples 

4 096xPRF 

4ci96xPRF 
4096 Samples 

12d0 Complex 

1408xPRF 
1020 pulses 

1152 Samples 

1408xPRF 

1408xPRF 

1152x2 pixels 

2.5 MHZ 

4.4 THE CONTROL PROCESSOR 

The main function o f t h e  control processor i s  t o  derive accurate phase refer-  

ences for  t h e  synthetic aperture processing. From t h e  previous discussion it 
is  c lear  t h a t  the doppler center frequency and t h e  doppler frequency r a t e  a re  

t h e  two major parameters i n  defining the phase delay history.  
ways t o  determine these two parameters. 
an exact approach calculates  those two parameters based on the  r e l a t ive  

position, velocity and acceleration vectors  as described i n  Eq. 1. For a n  

ear th  s a t e l l i t e ,  accurate spacecraft posit ion and veloci ty  vectors may bc 

"here a re  two 
The first approach which i s  considered 
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derived using t h e  Global Posit ioning System [12] which is planned t o  be 

operat ional  i n  t h e  1980 time frame. 
the target pos i t ions  w i l l  be detennined by a complicated footpr in t  procedure 

with t h e  antenna a t t i t u d e  as another input. 

f i c u l t  t o  perform i n  real-time because of i ts  complicated arithmetic proce- 
dures. 

is commonly used on aircrafi SAR processing. 

cen ter  frequency and t h e  doppler ch i rp  rate separately.  The procedure t o  

detennine t h e  doppler center  fkequency and to  generate  compensation phase 

f ac to r s  i s  general ly  referred t o  as c lu t te r lock .  

Once t h e  sensor pos i t ion  i s  es tab l i shed ,  

This exact approach appears d i f -  

For t h e  experimental processor, a simpler approach i s  proposed which 

This approach treats t h e  doppler 

In  spaceborne SAR processing, t h e  uncertainty i n  t h e  real-time p red ic t s  f o r  

t h e  antenna a t t i t u d e  may be comparable t o  t h e  antenna beam width. 

o f t h e  c lu t t e r lock  thus  i s  t o  r e f ine  t h e  antenna a t t i t u d e  predict ion and 
thereby maximize t h e  u t i l i t y  of t ransmit ted energy i n  t h e  azimuth dimension. 

The purpose 

For t h e  experimental processor,  four-look processing i s  required. The spectrum 

se lec ted  f o r  processing w i l l  be equal ly  pa r t i t i oned  i n t o  four p a r t s ,  each fo r  

a sing; look. It is possible  t o  set t h e  gains  of  t h e  four  single-look 
co r re l a to r s  t o  be equal t o  each other .  

proport ional  t o  t h e  energy i n  t he  corresponding spec t r a l  band. The azimuth 

spectrum w i l l  resemble t h e  antenna pa t te rn  i n  t h a t  dimension. L e t  Fi be the  
energy of t h e  i - th  look. 
gy on t h e  looks r e l a t i v e  t o  t h e  center  of the  processing band can be wr i t ten  

as 

The i m a g e  energy of  each look thus is 

A measure which ind ica tes  the  symmetry of t h e  ener- 

M = (E1 + E2 - E3 - Eb)/(E1 + E2 + Ej + Eq) 

where t h e  look numbers are ordered as shown i n  Fig. 5 .  

By applying proper delay i n  accumulating t h e  Ej values,  it is poss ib le  t o  have 

the E values a l l  correspond t o  t h e  same t a r g e t  area, therefore  t h e  measure- 

ment M i s  independent of any t a r g e t  scene var ia t ion.  
t o  be zero if a perfect  match between t h e  estimated and the  t r u e  cen te r  fre- 

quencies is achieved. 

version of a voltage control led o s c i l l a t o r  (VCO) t o  generate a new sinusoidal  
s igna l  t o  be mixed w i t h  t he  range cor re la ted  s igna l  ( t o  o f f s e t  t h e  doppler 

i 
The M value is expected 

The integrated value of M can be used t o  dr ive  a d i g i t a l  



Fig. 5 The Pa r t i t i on ing  of a SAR Azimuth 

Spectrum for Four-Look Processing 

center  frequency) o r  to form a new s e t  of t h e  phase references f o r  azimuth 

processing. After t h i s  i s  completed, a new M value w i l l  be in tegra ted  t o  t h e  

previously s tored M value t o  generate another o f f s e t  frequency. The feedback 

control  i n  t h i s  scheme indeed resembles t h a t  o f  a phase-locked-loop. 

t he  M measurement i s  independent of scene content,  convergence can be attained. 

by properly sca l ing  t h e  in tegra ted  M values. 

Since 

The proposed approach ; I t i l i ze s  avai lable  sinE.:Le-lnok image d a t a  a n d  it there- 

fore  minimizes t h e  aardware required t o  perform t h i s  azimuth spectrum anal- 

ys i s .  

t o l e r a t e  a l a rge  noise/ambiguity l e v e l  on t h e  input s igna ls .  

b r i e f l y  discussed here. 

signal-to-noise r a t i o s  are p lo t t ed  i n  Fip. 6. 
approximately 0.8 PRF f o r  a t o t a l  of four looks, t h e  M values of d i f f e ren t  

center  frequency e s t i n i t e s  (normalized t o  PRF) are p lo t ted  i n  Fig. 7. The 

posi t ion of  zero crossings a l l  agree well with t h e  spec t r a l  peaks. 

Preliminary simulation results have indicated t h a t  t h i s  method can 

An example i s  

The o r ig ina l  azimuth spec t ra  of four  d i f f e ren t  

With a processing bandwidth of 
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'The c lu t t e r lock  approach described above measures and reduces t h e  center- 

band doppler frequency. The remaining parameter, t h e  doppler ch i rp  rate, 
mgy be estimated by subs t i t u t ing  values of t h e  wavelength, sla!. range, rela- 
t ive  speed, t h e  g rav i t a t iona l  accelerat ion,  and t h e  look angle, i n t o  t h e  

expression of Eq. 4.  
and t h e  s l a n t  range f o r  each range sample can be determined from t h e  sample 
delay. 

speed i s  a function of both t h e  sensor and target. posi t ions.  If t h e  space- 
c r a f t  pos i t ion  and ve loc i ty  are known, t he  sensor-target relative speed can 

be estimated using the  bas ic  tr igonometric operations.  

Among those  quan t i t i e s ,  thz  wavelength is a constant 

Also, t h e  grav i ta t ion  and look angle are  usual ly  known. The r e l a t i v e  

With both t h e  doppler frequency and t h e  frequency rate determined, t he  phase 

reference functions t o  %e fed  t o  the azimuth co r re l a to r  f o r  synthe t ic  aper ture  

processing are w e l l  defined. 
t h e  quadratic phase h i s to ry  is e a s i l y  obtained by a simple two-step integra-  

t i o n  of t h e  doppler parameters. 

Using t h e  in te rpulse  period as mothe r  input ,  

5. CONCLUSION 

Real-time processing o f  spaceborne SAR data i s  by no means an easy task .  

Further de ta i led  ana lys i s  and simulation are being pursued i n  an e f f o r t  t o  

search f o r  b e t t e r  so lu t ions  t o  t h e  SAR processing problem. 

t h a t  t h i s  development w i l l  serve as a stepping stone toward t h e  implementation 

of fu ture  on-board SAR processors.  

remote sensing from space platforms w i l l  be enhanced by t h e  development of 

high-performance on-board SAR processors. 

It i s  an t ic ipa ted  

9 e  u t i l i t y  and p r a c t i c a l i t y  of microwave 
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Future space missions are expected t o  require real-tir cm-board SAR pro- 
cessors. 
tant role in enabling develope& of SAR processors which Bcet the severe 

weight and power constraints associated vith on-board processing applica- 
tians. 
the Welogment of a tiat- 'n azimuth correlator for SAR processing. 

Iarge scale integrated (IS?) circuit devices v i l l  play an irpOr- 

This paper discusses the application of modern IS1 technology t o  

General design requirenents for azimuth correhtors for missions such as 
SBASAT-A, Venus &bit& Imaging Radar (VOIR;, and Shuttle Imaging Radar 
(SIR) are s-ired. 
suitable for implementation using custan IS1 devices are described. 
nical factors pertaining to  selection of appropriate IS1 technologies are 

discussed, a?d the maturity of alternative technolcxies for spacecraft ap- 
plication are discussed i n  the context of the expected space missior; launch 
dates. Finally, the paper describes the preliminary design of a custan Is1 

time-danain azimuth correlator device (ACD) being developed for use i n  fu- 
ture SAR processors. Over 1000 of these ACD's are planned t o  be used i n  a 

laboratory model SAR processor to be built i n  1979. 

Several azimuth correlator architectures that are 

Tech- 

This paper presents the results of one phase of research carried out a t  
Jet Propulsion LaboratoFy, California Institute of Technology, under 
Contract No. NAS 7-100, sponsored by the National Aeronautics and Space 
A d m i n i  s t ra t  ion. 
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1.0 IlmmwcmoB 
¶!be !'irst spree dssim to use a SAR inst-t is SEASAT4 vhich will be 

CVQ 1978. In this trrth wbitirrg sp.ccCm the SAR in- 
stnnart data will be sent to  the go@ *ere it w i l l  be processed into im- 

ages. The primary gonis of the -A mission art rdcquately satisfied IJV 
ms* earth h s c d  proctssin6. ko-rerl-tiw SAR psocessing is planned for 
t h i s  missiaa pthmr5l.y m e  the cost of dcrelop#nt of a &=tiPC S4R 

proces8or yopld aat fit within the SEaSAT btdgct. since SEASAT4 is 
ilyr resaarch tool in a femsabiliw -and it -not intended to  k used 
far operati& radrr m i a m ,  it vas acceptable to nquin sev- 
usl hams to process data which are collected in a feu rinutes. 

In the mure, SAR data fhm orbit* satellites .illst be processed to imges 

in real tiw i n  order to aroid an ever increasing back-log of unpmcessed 

data. 
problems. 

instmmented missions rauge fran 5xlO bits  per second to 12hr106 bits per 

secamd vith higher rates likely for -re advanced SAR instmnents. 
&)e substantial rUnct ioaal  and econmic benefits associated w i t h  real-tiac 
an-board  process^ of SAR data. 

cra f t  SAR processing will play = increasipg role in future SAR spacemissions. 

Even gramd based real-ti# processing is not withaut fomidable 
The spacecraft u~pmcessed SAR data rates for same identified SAR 

6 

There 

It is therefore l ikely that on-board space- 

On-board SAR processing has the edvantage that the doun l ink data rate is 
reduced by at least the nrmber of looks. In addition, since the processed 
SAR data is in the  form of images it is possible t o  do on-board image fea- 
ture extraction similar t o  the type planned for LAHDSAT images and -her 
reduce the down l i n k  data rate and volune. 
easily attained. 

vere weight, volume and power restrictions of a spacecraft. 
the only way) t o  implement high-performance on-board SAR processors i s  
through the use of custom large scale integrated (LSI) circuits for major 
portions of the SAR processing circuitry. 

However, these benefits are not 
A on-board SAR prccessor must be designed within the se- 

A vay (perhaps 

The portions of the SAR processor that w i l l  most benefit from custaa LSI are 
the  range correlatcr and the azimuth correlator. 
been used t o  perform the range correlation for several years i n  aircraf't SAR 

Custom IS1 devices have 



-* R.nat eorrdlrtiaa drrice8 brc kcn caaatnlcted usiw Milog 
cbsrge coqpled devices (-1 mud surfue ua= drrices (-1. 
devices depend upao the stable range chirp v t e r s  to purrit the use of 
fixed tap UeQghtS in the corrclrtor devices. 
-t . d j u s t u c ,  as is required in tbe cormlator, conventions 

CQ) and SUD devices cBMQt be used- 
4 &&be a rev different as iar th  correlator architectures that pennit 

ruiable Cocrncients, and vfll discuss the detail specification of a custoln 
IS1 L ? c c  for aar of these architectures- 

110th of these 

If the correlatiolll coefficients 

The remainder of this psper v i l l  brief- 

2.0 TTPICALSPACEEXREESAR - 
A 
in trblc 1- 

of sme typical spaceborne SAR instnaent characteristics is given 
T h q  represent a mrly bmsd range of resolutions and radar 

ikrqtrncies aud proride a baseline for the range of azimuth Comlator corn- 

plCdw- Ihe rsdsr c&Cr m m C i e S  r~nge Frmp G a d  t o  X-band. Swath 

width varies frcm 12.5 km to  100 km and resolution varies Apm 20 m t o  200 m. 
Ihe requirements specified for VOIR and SIR are preliminary and may change 

as their respective mission goals are defined more frtlly. 

for SEASAT-A, however, are u e l l  defined end are discussed i n  considerable 
detail in a -ion paper 111. 
described i n  (11 is being designed to  produce 20 km svath 25 m resolution, 
four looh, SAR irrrgrJr. 

The requirements 

TIE experimental electronic SAR processor 

Since the laboratory SAR processor is required t o  perform red-time proces- 
sing of SEASAT-A data, the selection of an azimuth correlator architecture 

was heavily influenced by SEASAT-A requirements. 
domain azimuth processors have b r a  devised which use an FFT t o  obtain the  

intensity of image elements along isodoppler l ines  on the surface of the  

earth. However, these "simple" frequency domain processors exhibit sub- 
s t an t i a l  geometric distortion requiring complex processing t o  solve regis- 
tratior, Zroblems associated with formation of multilook images. 

custan LSI circui ts  t o  implement FIT function have been described i n  other 
papers [2]  [ 31 and Will not bc discussed any fur ther  i n  t h i s  paper. 
primary thrust of the remainder of t h i s  paper w i l l  be t o  discuss a f e w  

"Simple" frequency 

The use of 

The 
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crandihate time-domain azimuth correlator architectures t h a t  w e  implement- 
able in custam X-I circuits reasonf.'slz ckfp size.  

SEASAT -A SIR-B V O I R  
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3.1 '1yD AZWEB P 

In selecting a suitable 
mentable in custam ISI, me of the firs*. characterist ics t o  looh for is e 
aigb or -ty in the a r i t m i c  and m w  requirements. 
One of the first architectures considered vas a pipeline processor shom i n  
figure 1. It has the  property that both the data and the partial 8. :, lea- 
ding to image pixels, n*+ th---rysh the processor i n  nice regular ( " l d n a r " )  
manner. It also is nicely modular i n  which each IS1 device vould contain the 

raw Hne mry, c-Wcient storsge, multiplier, adder, and etc., as shown 

e n c 3 - 0 ~ 4  i3 the dashed lines. 
number of bits of on-chip storwe vhich i o  a significant factor i n  minimizing 
chip size. 
i n  fabrication. 
disadrantsge OS this architecture is that it is not possible t o  include any- 
thing more than the simplest range interpolation without greatly increasi- 
the caPPplexity and s ize  of the  chip. 
have the option of using multipoint range interpolation for the  SEASAT-A la- 
boratory pmcessc:-, this correlator architecture was not adopted for t h e  ex- 

perimental processor. 

lailuth correhtor architecture impla- 

It has the advantsgc that it uses a minimnra! 

W chip s ize  has a very close relationship t o  the chip yield 
A Chip yield reducm dramatically as chip s ize  increases. 

Since it was considered important t o  

Another azimuth correlator architecture was considered that permitted paral- 

le l  w e  l i n e  pmcessiw for a l l  looks. 
azimuth correlator architecture. It is modular, as indicated by the dashed 

l i n e s ,  and a l l o w s  range interpolation t o  be done centrally, eliminatinE t h e  

necessity for interpolation logic on t h e  chip. A disadvantage is  t h a t  there 
i s  a larger amount of memory required on the chip because the complex image 
l i n e  is accumulated on the chip rather than accumulated over t h e  array of 
chips as i n  figure 1. However, since multipoint range iriterpolation was con- 
sidered t o  be an important option for the  S W A T - A  laboratory processor, t h i s  

second azimuth correlator architecture was preferred. 
confirming this architecture choice is  the availabil i ty of a suitable LSI 

technology which can implement the additional memory required without a sig- 

n i f  icant power penalty. 

Figure 2 is a block diagram of t h i s  

A deciding factor i n  
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Ih wder t o  wmmt an LSI dsrice of the cmplexity required for one of 
%he ibors asimuth comelators, one needs to  consider only technologies that 

exhibit riniau area pti gate prcpez%$ca. Also, for spacecraf't appl icat im,  
the amunt povcr required to  opermte the  chips must be m i n i m .  Fwfiunately 

2 is a ccmpemtioc smmmry of the area, power, and speed of several common 
LSI technologies. lbese are: Camplementary-)rtctal-OrideSemiconductor~ili- 
cam+m-sapphire ~CHDS-SOS), Integrated w e c t i o a  w c  (12~1, %channel &tal 
-0ddc-Scriccmductor (IRIDS), and mit.1 charge Cou-ed Device (Do). 

are mrnsentative of t he  most c m  hiRh meed, law rawer and snmll area 
devices available. Ihc areas for a lwic gate and a data st- element 
(ahif% regis ter)  are usem in assessing the ClgKlUllt of circuitry that can be 

Speed-power 
paoduct 18 a figure of merit used to  indicate the amount of energy required 
to change t h e  state of a typical lcgic element. 
&ift rwister power per b i t  column, the speed power product is not an abso- 
lu t e  indicator of the  re lat ive power required t o  operate these IS1 circui ts .  
Topological. factors can override the apparent speed-power product ra t ios  as 
can be sem by comparing cMossoS and HMOs. 

of HMO6 t o  CMOS-SOS is 2 but the r a t i o  of power per b i t  fo r  the s h i f t  regis- 
ter is 3. 

panr and minimat area ptr gate are compatible requirements. Table 

Thev 

upon a chip of moderate sise ( ~ 0 7  square microPteters). 

As can be seen under the 

The speed-power product ratio 

h 

All of t he  traltq%j in Table 2 assume t h a t  the minimum on-chip conductor widths 

are 5 tlicrometC=, which is currently a standard photolithographic capabilj- 
t y  within the  integrated circuit industry. 
the minimum l i n e  widths can be expected t o  reduce t o  one-tenth of today's 
limits which w i l l  allow proportional scaling of the  figures in  Table 2. 

In the next f ive t o  ten years, 

Selection of an LSI technology for a spacecraft application requires caref'ul 
assessment of t h e  proposed application. I n  applications requiring high chip 

complexity, it is clear from Table 2 that  DCCD has a significant advantage. 
2 D O ,  however, has less  radiation resistance tha t  e j ther  I L or  CMOS-SOS. 

If the spacecraft must spend a large amount of time i n  trapped radiation 
f ie lds ,  it woul3 be necessary t o  sh ie ld  t h e  DCCD processor c i rcui ts .  Also, 
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DCCD tocbnohw can only be uued in pipe-line processor architectures { I ,  I. 
A high spmxcraft radiatiopl r3IIviroament would probably require the highcr 
rdiatian tdltrance either Q.IOS-~~S or I ~ L .  The larger logic element di- 
reasions of these technolo@es laiay require a multiple custom LSI implememta- 
tion in azimuth correlatars of high complexity. INOS has about the same ra- 
diation restistance as IICCD. 

It  is not practical to discuss a l l  possible tradeofis involved in selecting 
a CuBttm Is1 tecbaologg in this paper. The above discussion is a brief out- 
line of SQY of the factors that must be considered in technology selection. 
'Pht next sectIan of this paper w i l l  describe an examplo rrtimuth comelator 
erchit.ecture cmb w i l l  di~ctlss an fsf tcchnologj. selection. 
trate 
praccssors. 

This v i l l  illus- 
of the practical problems cnco\mtered in using custom IS1 for SAR 

TABLE 2 

HIGH DElVSITY IS1 !fE@FlOLOGIES 

DIGITAL (5  l.nn GEOMETRY) 

LOGIC GATE SHIFT REISTER 

AREA SPEED-POWER -/BIT 1 MHZ =/BIT 
CMOS SOS 1 2 9 0 3 ~ ~  5 P J  100 pw 49387 p 1 2  

12L 6452 p2 2 P J  50 IJW 19455 m2 
mos 9677 rpp2 10 PJ 300 pw 41935 m2 
DCCD 645 pn2 0.2 pJ 0.3 PW 129 1.01~ 

7 2  NOTE: A MODERATE SI23 IS1 CHIP AREA IS: 3 x 10 

4.0 

JPL is presently involved in the development of an experimental electronic 
SAR processor [l] which will use a custum LSI device to implement the azimuth 
correlator. This processor, called the Developnental Model SAR Processor 
(DMSP), w i l l  be used to demonstrate real-time, time domain processing of SAFt 

data from the SEASAT-A spacecraft. 

EXAMPLE AZIMUTH CORRELATOR L S T  DEVICE 

Unprocessed data from the spacecraft w i l l  
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be seat t o  the DMW which v i l l  produce a 20 Ism swath image at 25 m resolution 
at the real-time rate. Data given i n  Table 1 are the b e l i n e  requirements 
for this procassor. The atimuth correlator uses the architecture described 
i n  Figure 2 and is m e m a t e d  w i t h  a set oi identical custan LSI devkes 
spacified for  use in t h i s  azimuth correlator. 
the acimuth correlator devir -3 ( ACD) . 

ThisQI device is  called 

4.1 

The JBBP functional block dir;pram, Figure 3, shows the 

aximuth correlator t o  the other elements of the DMSP. 

CEBERAL REQUIREMENTS FOR THE ACD 

relationship of the 
The DMS' requires 

an 
4 lOoL0. 
shmm in piRurc 4 and 5 which are, respectively, a block diagram of the can- 
p h t e  azhuth  correlator snd a block diagram of a s iwe-look azimuth corre- 
labr modale. 

input sumple bus as a contiguous sequence of "range-lines". 
cmrises 5120 complex data samples accompanied by several sync signals. 
basic operation performed by the ACI) during a range-line processing cycle i s  

t o  select the appropriate set of 1152 camplex data samples from each range- 
l ine,  multiply each data sample by the appropriate complex azimuth reference 
function (ARF) coefficients, and t o  add th i s  product t o  the appropriate c e l l  
in the accumulatc . register. 
are needed for each new se t  of range-line date samples input t o  the ACD dur- 

ing an image-line processing cycle.) 
cycle will involve 1020 range-lines. 
l i ne  sample stored in the jth accumulator ce l l  takes on the value 

of 1020 ACD's t o  perform a 20 km swath azimuth correlcation w i t h  

The relationship of the ACD's t o  the complete SAR prG2essor is 

The ACD receives data from the range correlator via the ACD 

Each range-line 
The 

(New sets of reference function coefficients 

In t h e  DMSP, an image-line processing 
The f ina l  value of the caDnplex image- 

1019 

pJ =E cimsiJ for j = 0,1151 (1) 

i=o 
where 

Cim = complex reference function coefficient (where 

m = [j/16], t h e  integer portion of j/16) for 
the jth data sample from the 
i n  the image-line processing 

ith range-line 
cycle. 
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s = thc 3th complex dats sample f r a ~ l  

the ith rangc-line in the irmage- 
l ine processing cycle. 

if 

At the end of a~ imSge-line processing cycle, the output of the complex ad- 
der is switched to the output driver end the 1152 complex image-line samples 
are read out. 
image-line read out process. 
Figure 6. 
cribed in the following subsections. 

The image-line memory is filled with zero levels during the 
An ACD functional block diagram is shown in 

The Punctional characteristics of each element of the ACD is des- 
. 

4.1.1 Data sample format. 
wrd-serial (8-bits-per-word) fashion at word rates in the range from 400 
HB to 14.0 MHz. 
samples correspon@ing t o  i n d i v i d u l  SAR reage-lines, and these range-line 
sample sets are subdivided into contiguous subsets of four interpolated 
samples each. 
of each sample report the sign and magnitude of the real part of the input 
sample, and the last four bits report the sign and magnitude of the hagina- 

ry P a p a .  

The ACD input sample bus w i l l  supply data in 

These data samples will be organized into sets of 5120 

Each data sample is a camplex quantity. The first four bits 

4. l .2  Coefficient formats. The following set of coefficients is provided 
to process the data samples corresponding to one range-line: 

Coefficient TyPe 

RMC - Coarse 
RMC - Fine 
ARF 

No. Coefficient Per Set No. Bits Per Coefficient 

1 

72 

72 

10 
2 
8 

The first three bits of the Range Migration Compensation (RMC)-coarse coef- 
ficients h w e  no effect on the processing. 
coefficient is appended to the end of the ARF coefficient to form a ten-bit 
caposite coefficient. A coefficient bus sync is provided which controls 
and synchronizes the transfer of coefficients from ACD-to-ACD. 

For convenience, the RMC-fine 

(See Figure 

5). 
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b.1.3 CoefYicient WfYeru. level6 of ob-chip coefficient buffering are 

provided within the ACD. 

coefficients plus four RMC-cowse coefficients sufficient to procress a set 
of four nraee-lines. The second level of buffering provides an eight word 

first-in-first-out (FIFO) buf+fer for the composite coefficients and a single 
vood buirfer rcgister for the RMC-coarse coefficients. 
these buffers is described in Figure 6. 
mutes the coefficient bit stream to the appropriate storage register. The 
internal mx svitches enable the buffers to be operated in either a hll-ca- 

pacity mode or a one-quarter capacity mode which is usef'ul in sane applica- 
tions. The output coefficient mx switch causes the normal coefficient bit 
Strwun to be re-formed f r o m  the output of the first level buffers so these 
cocfficlents can be passed on to another ACD in an agimuth correlator module 
(see Figure 5 ) .  
the control of t.iming signals co~rmo~l to all of the ACDs in the azimuth cor- 
relator. 

lwed range-line processing. This delay in processing is due to the action 
of the RMC-coarse coefficient which causes up to I27 sample subset periods 
of delay (realtive to coefficient transfer timing) is range line processing 
within an ACD. Each RMC-coarse coefficient is used once at the start of the 
corresponding rangeline processing cycle. 
be used with 16 consecutive range-line data sample suisets. 

!he first level provides for a set of 288 camposite 

The organization of 
The input coefficient mx switch 

The passage of coefficients f'rm ACD-to-ACD occurs under 

The second level of buffering holds coefficients to be used in de- 

Each coqosite coefficient will 

4.1.4 Input contrg. 
ate group of1152 data samples from each range-line sample set. 
cable RMC-coarse coefficient determines haw many of the input smple subsets 
(four samples each) of the range-line sample sets shall be passed-over be- 
fore beginning selection of the data samples to be processed. 
subsets passed-over can be any value f'rom zero to 127. 
each subsequent subset shall be stored in a sample buffer memory. 
of the appropriate RMC-fine coefficient will determine which on of the four 
samples to select for input to the complex multiplier element. 
coefficient value of zero shall cause the selection of the first sample of 
the subset, etc.) 

The input control (see Figure 6) selects an appropri- 
The appli- 

The number of 
The four samples of 

The value 

(An RMC-fine 



4.1.5 Complex multiplier. The cauplex multiplier performs the  following 
computation: 

P = X*Y; (2) 
where 

X = a + i b  an3 Y = c + i d  

This product (P) can a lso  be expressed 88 P = (ac - bd) + i (ad + bc). 
quantities a and b are, respecLvely, the real and imaginary parts of the 

ARF coefficients. 
ry parts of the ACD inpu+ data samples. 
each have a dynamic range cf 8 bits. 

4.1.6 Imag e l ine  accumulator. The w e l i n e  accumulator camprises the 
f'unctional equivalent of a camplex adder and a recirculating image-line me= 

mom (Figure 6). 
p l i e r  (8 b i t  real component and 8 b i t  imaginary component) and the corres- 
ponding accumulator sample (16 bits I aud 16 b i t s  Q). 
through a multiplexer which w i l l  either route the complex sum t o  the image- 
l i ne  memory or t o  output driver c i rcui ts .  
put mode, s h a l l  enter zero levels into the image-line memory. The recircu- 
la t ing image-line memory i s  a s h i f t  regis ter  with a t o t a l  capacity of 1152 
complex image-line svnples . 
4.1.7 Control and timing. 
ACD, accepts control and timing signals from the control processor and pro- 
vides a l l  of t h e  necessary control and timing t o  a l l  of the  rest of t h e  c i r -  
cuitry on t h e  chip. Some of the functions t o  be provided by the control and 
timicg circuitry are: 

The 

Quantities c and d are respectively the  real and imagina- 
The real end imaginary parts of P 

The cauplex adder accepts the output of the complex multi- 

The sum is passed 

This multiplexer, when i n  the out- 

The control and timing circuitry provided on the 

a. 

b. 

C. 

a. 
e. 

Clock signals t o  a l l  elements of the ACD 

Controls data input and sample selection 
Controls coefficient buffer capacity and coefficient 
routing t o  and from interne1 coefficient buffers 
Controls output of image-line pixels. 
Controls selection of the 11 most significant or 11 leas t  signi- 
ficant portion of the complex image-line sample magnitude at the 
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accumulator output. 

4.2 ACD MI TECHNOLOGY SELEcMolp 

Taking an inventory of the circuitry required r o r  the ACD, WP observe th: 

There is a memow requirement of the order of kO.000 bits.  
Fortunatelv all of it is seauential (sh3t register) memom. 

A 4 b i t  x 4 b i t  cmmlex ml t iDl ie r  is  reouired, which is 

ccxprised of four multipliers and two sdrius. 

A camplex adder is required which consists of t v o  16 b i t  

adders. 

Sane randm logic circuits fo r  on-chip control bud timing. 

ABS- the chip s ize  is t o  be kept within the 6mn x 6nm size category 
and that  the to t a l  operating powr for  +.he chip must be kept under 0.5 
watt, the  LSI technology choice must be D O .  

would only be viable i f  the conductor widths were redilced t o  about 1.7 
microns. Fortunately the radiation environment for a SEASAT-A type space- 
cr& is in  the order of 10 rad (Si) per year, which is within the radia- 
t ion tolerance range of DCCD with some shielding. 

The other three technologies 

5 

5.  CONCLUSIONS 

It has been concluded from the above that a custom IS1 device is  practical 
for a system as complex as the DMSP. 
complex than the DISP could also benefit from LSI technology [SI. 
case of SEASAT-A type spacecraft, custom IS1 is an enabling technology for 
spaceborn SAR processors. 

Certainly SAR processing systems less  
I n  t he  
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Figure 2. Time Domain Azimuth Correlator Architecture B 
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REAL-TIME SAR IMAGE PROCES~ING 
WWARD A VENUS ORBITING SPACECRAFT* 

WAYNE E. ARLNS 
MEMBER OF THE TECHNICAL STAFF 
INFORMATION SYSTEMS DIV IS ION 

JET PROPULSION LABORATORY 
PASADENA, CALIFORNIA 91 103 

SUMMARY 

This paper describes the potent ia l  use o f  real-time synthetic aperture radar 
(SAR) processing t o  produce 200-meter resolut ion imagery cnboard a 1983 Venus 
Orbi ter  Imaging Radar (VOIR) spacecraft. I n  the introductory section, the 
current NASA SAR processor development program and i t s  relat ionship t o  the 
VOIR appl icat ion i s  described. The VOIR SAR processing requirements are then 
defined i n  t e r n  o f  a nominal baseline design evolving from a 1977 VOIR mis -  
sion study by the Caltech Jet  Propulsion Laboratory (JPL) [3]. A candidate 
on-board SAR processor architecture compatible w i th  the VOIR requirements i s  
next described. Final ly,  detai 1 ed imp1 ementation characteristics, based upon 
current ly avai lable integrated c i rcu i ts ,  are estimated i n  terms of chip count, 
power, and weight. 

1 .O INTRODUCTION 
JPL i s  conducting a SAR processor advanced development program as pa r t  o f  
an ex is t ing NASA Research and Technology Objective and Plan (RTOP). I n  turn, 
t h i s  RTOP i s  an approved and v i t a l  element o f  the NASA End-to-End Data System 
(NEEDS) program. 

The current RTOP i s  funded t o  design and b u i l d  a real-time stand-alone 
Developmental Model SAR Processor (DMSP) f o r  operation i n  a laboratory 
environment. The DMSP w i l l  have the capabi l i ty  t o  process SEASAT-A SAR data 
a t  real-time rates t o  produce four-look, 25 meter resolut ion radar images 
covering a 20 Km swath. The objective i s  t o  demonstrate t h i s  capabi l i ty  by 
the end o f  FYI 79. 

L 

*This paper presents the resul ts of one phase o f  research carr ied out by the 
Jet Propulsion Laboratory, Cal i f o r n i a  I n s t i t u t e  o f  Technology, under 
Contract No. NAS 7-100, spomored by the National Aeronautics and Space 
Administration. 
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Since the NEEDS program i s  emphasizing the development o f  a future on-board 
processing capability, it i s  essentia? that the DMSP architecture be designed 
t o  be amenable t o  implementation f o r  on-board SAR processing applications. 
A major feature o f  the DMSP task i s  the development o f  a custom LSI device t o  
be used i n  the azimuth correlator. This device w i l l  employ current state-of 
the-art charge-coupled device (CCD) technology [l]. 

Following the MSP development, it i s  planned t o  design and bu i ld  a SAR 
processor f o r  use i n  an SAR processing experiment on-board a future space 
shutt le f l ight .  This experiment would demnstrate the a b i l i t y  of a space- 
b o w  processor to produce high-resolution mu1 t i - look radar imagery i n  real- 
time. The detai l  functional requirements inposed on t h i s  processor are in- 
tended to be representative o f  those anticipated on future earth observation 
missions [ Z ] .  

A study o f  a complete SAR system f o r  VOIR was performed during 1977. This 

paper reports on the results o f  that  study pertaining to the feas ib i l i l t y  of 
developing an on-board SAR processor fo r  VOIR. Although the SAR processor 
functional requirements assumed f o r  that  VOIR study were much less demanding 
than those imposed on the OMSP design, the VOIR processor design was adapted 
from the preliminary design developed f r o m  the WSP. 
many results from the DMSP deve lownt  program w i l l  be d i rec t l y  applicable t o  
the f i na l  design o f  an on-board SAR processor f o r  VOIR. 

2.0 NOMINAL VOIR SAR PROCESSING REQUIREMENTS 
The VOIR mission study conducted during 1977 assumed a 1983 launch date. This 
study produced a baseline mission def in i t ion and design i n  support o f  the 
current FYI78 VOIR pre-project act iv i ty .  The basel ine scenario provides for 
200-meter low resolution mapping o f  the ent i re planetary surface and 25-meter 
high resolution imagery o f  selected areas. An on-board real - t ime synthetic 
aperature radar (SAR) image processor was included i n  the proposed basel ine 
design, for the low resolution mode, i n  order t o  achieve a SAR data r a t e  re- 
duction comnensurate with the available telecomnunications l i n e  capabil i ty [3]. 

Nominal radar system design values applicable t o  establishing the necessary 
SAR processing design parameters are tabulated i n  Table 1. Using the values 
o f  Table 1, the nominal processing design parameters o f  Table 2 have been 
derived using the equations of Table 3. As noted from Table 2, coherent 

It i s  expected that 
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TABLE 1 
. NonINAL VOIR RADAR SYSTEM DESIGN VALUES 

Design Parameter 

Transmitter Frequency 

Radar Wave1 engt h 

Pul se Repet i ti on Freouency 

Interpul se Period 

Spacecraft Velocity 

Al t i tude 

Look Angle 

Incidence Angle 

Range 

Swath Width 

Antenna W i d t h 

Range Beamwidth 

Range Pul sewidth 

Range Bandwidth 

Antenna Lengrh 

Azimuth Beamwidth 

Time i n  Beam 

Azimuth Bandwidth 

Oversample Factor 

f 

;x 

PRF 

I PP 

V 

H 

0 

'i 
R 

sw 
li 

'r 

Tr 

Afr 
L 

'a 

Tbeam 

OS 

Value 

1275 Mlz 

0.235 m 

1225 Hr 

816 p s e ~  

7.14 Km/sec 

375 Km 

46' 

49O 

559 KJn 

100 Km 

2.0 m 

6.73' 

33.8 psec 

1.25 MHz 

12.0 m 

1 .12O 

1.54 sec 

1.19 KHt 

1.2 
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TABLE 2 

NWNAL VOIR RADAR PROCESSIffi P W T E R S .  

Processing Parameter 
~~ ~ 

Range Resolution 

Range Time-Bandwidth Product 

Range Compression Ratio 

Sampling Rate 

Samples Per Echo 

Sampling Window 

Pulses Coherently Integrated 

Coherent Integrat ion Time 

Azimuth Resolution 

Pulses Per Data Dump 

Time Per Data Dump 

Distance Per Data Dump 

Pulses i n  Beamwidth 

Looks 

F i l t e r  Channel s Per Look 

P r  

TBr 
RCR 

SR 

NS 

Ts 

Ncoh 

'co h 

pa 

Ndump 

'dump 

'dump 

Ntota l  

Nlook 

Nchan 

Value 
~ 

191 m 

42.25 

60 

3 Msps 

1320 

440 psec 

60 

0.049 sec 

225 m 

30 

0.0245 sec 

175 m 

1886 

30 

2 

integrat ion over 60 pulses i s  necessary t o  achieve a single-look image o f  
approximately 2 0 C m t e r  resolution. 

Analysis conducted during the FYI77 V O I R  mission study has shown tha t  range 
migration correction i s  not required f o r  the 200-meter low resolut ion mode[3]. 
This s ign i f i can t l y  s impl i f ies  the on-board computational requirements. How- 
ever, azimuth focusing computations must be updated and effected commensurate 
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TABLE 3 
RAOAR EQUATIONS 

Range Processing 

- 

t -  Ntota l  
N1ook Ncoh 

I -  Ncoh 
Nchan Ndump 

- x 
'a - L 

2v A f a  f - L 
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wlth o r b i t a l  var iat ions i n  Doppler c h i r p  ra te  and antenna beam point ing angle. 
1he.paranretric data tha t  must be provided i n  real time t o  e f fec t  these com- 
putations i s  defined i n  Figure 1. Referring t o  Figure 1, outside infonnation 
defining the spacecraft at t i tude, antenna beam angles, and the spacecraft 
state-of-motion are necessary i n  order t o  generate the proper azimuth refer- 
ence coefficients. To reduce the accuracy requirements o f  the spacecraft 
a t t i t ude  information, the proposed design o f  Figure 1 incorporates the capa- 
b i l i t y  t o  compute a ref ined measure o f  the spacecraft a t t i t ude  based on the 
characterist ics o f  the SAR data i t s e l f .  This Doppler centroid information i s  
derived by means of energy spectral analysis o f  single-look images following 
azimuth correlat ion. These calculat ions would be performed by appropriate 
microprocessors which are par t  o f  the on-board SAR processor. 

The detai led outside information requirements wi th  respect t o  parameter and 
accuracy are tabulated i n  Table 4. The c r i t e r i a  f o r  resolut ion i s  a nominal 
200 meters 525 percent. It should be noted that  the 21 Km posi t ion accuracy 
i s  based on sa t i s fac to r i l y  meeting the resolut ion requirements. This does 
impose a p ixe l  reg i s t ra t i on  e r ro r  o f  t ha t  magnitude which may o r  may not be 
accepta b l  e. 

3.0 ON-BOARD SAR PROCESSOR ARCHITECTURE 
A functional block diagrim of the proposed on-board SAH processor i s  defined 
i n  Figure 2. Referring t o  Figure 2, the data interface u n i t  receives, condi- 
tions, and d is t r ibutes incoming raw SAR video and parametric engineering data 
required t o  process SAR images. The range correlator performs the range cor- 
re la t i on  function. The azimuth correlator performs the azimuth correlat ion 
function, antenna beam point ing correction, di,gital magni tuding, and mu1 t i  
look superposition. The microprocessor contro l ler  computes the necessary 
corrections and ef fects  control functions f o r  a l l  functional elements o f  the 
processor. 

Referring t o  the processing requirements l i s t e d  i n  Table 2, the range corre- 
l a t i o n  function could be achieved with four 60-stage transversal f i l t e r s  as 
shown i n  Figure 3. The block diagram o f  Figure 3 assumes rea l  ( I )  and quad- 
rature (Q) channels from the radar receive,.. 
receiver i s  "range of fset"  so tha t  i t  only contains r e a l  components over a 

I f  the output data from the SAR 
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TABLE 4 
OUTSIDE INFORMATION REQUIREMENTS 

- 
Effec ts  of Inaccuracy - -- - 

Parameter 
-. - 

- t0.4' 

S I C  At t i t ude  

Ro l l  

P i t ch  

Yaw 

Reduced SNR t Doppler 
Ambiguity 

Antenna Be2 ! Angles 

elook 

+a, 

~ ~ 

S/C Stateof Motion 

Posi t ion 

Ve loc i ty  

Acceleratio:: 

- +O. 4' 

Reduced SNR 

Redgced SNR + Donpler 
Ambiguity 

Reduced SNR + DIjppler 
Amt i g  ri t y  

Reduced SNR + Doppler 
Ambiguity 

+1 Km 
'in Three 
Di rect ions 

- +6C m,'sec 
i n  Three 
Di rect ions 

- t O . 1  m/sec 
i n  Three 
Di rect ions 

2 

--- 

Pixe l  Regi s t r a t i a n  € r r o r  
o f  t ha t  Magnitude + 
Resolution Degradation 

Resoiution Degradation 

Resolution GeSrad; ;ion 

-. -- I- 

s ing le  channel, the range co r re la to r  implemen:.-tim of Figure 4 could be 
used. 
f i l t e r )  would provide arl output equivalent t o  t h a t  from Figure 3. 

The azimuth cor re la to r  o f  Figure 2 could bc implemented t o  meet the requi re-  
ments l i s t e d  i n  Table 2 using 60 p a r a l l e l  azimuth f i l t e r  channels as shown i n  
Figure 5. 

Use o f  two 12!.-stage transversal  f i l t e r s  (one cosine f i l t e r  and one sine 

Two f i l t e r  channels are required t o  process a s ing le look. 
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Therefore, the implementation o f  Figure 5 i s  capable o f  
superimposing 30 looks. The d i g i t a l  magnituding and mu 
functions o f  Figure 5 are achieved as defined i n  the FY 
study report  131. 

A functional block diagram o f  a s ingle azimuth f i l t e r  c 

processing and 
t i - l ook  combining 
77 JPL VOIR mission 

annel i s  given i n  
Figure 6. The conplex m u l t i p l i e r  w s t  accomnodate 8 -b i t  complex words con- 
ta in ing 4 b i t s  o f  I and 4 b i t s  o f  Q. The accumulator reg is ter  must acconmo- 
date 600 complex words o f  up t o  28 bits. If there i s  no transfer o f  coe f f i -  
c ients between channels, a reference table would have t o  accomnodate 120 
complex coeff ic ients assuming there are 2 coef f ic ients  per range l ine.  An 
a l ternat ive design approach would be t o  store only 60 coef f ic ients  per channel 
and transfer sets o f  coeff icients between channels. 

4.0 IMPLEMENTATION CHARACTERISTICS 
Referring t o  Figure 1, the baseline design assumes CMOS-SOS technology f o r  
implementation o f  the data interface u n i t  and the microprocessor control ler .  
It appears tha t  two 16-bi t  CMOS-SOS microprocessors w i l l  accomnodate the com- 
putational load f o r  the control ler .  

Charge-coupled device (CCD) transversal f i l t e r  chips are assumed f o r  the 
range correlator implemantation. This i s  based Jn having a f ixed d i g i t a i  
reference function. 

Implementation o f  the azimuth correlator i s  assumed t o  be accomplished wi th  
ex is t ing CMOS-SOS chip designs so t ha t  i t  i s  not dependent upon the custom 
d i g i t a l  CCD chip being developed f o r  the DMSP. Assuming a mask change i s  
made t o  two ex is t ing universal array CMOS-SOS chips t o  accomplish the complex 
mul t ip ly  and add function o f  Figure 6, 15 chips would be required per azimuth 
f i l t e r  channel wi th a per channel power requirement of 0.35 wat ts .  

Based upon the foregoing assumptions, a chip count has been made f o r  imple- 
mentation of each functional block o f  Figure 1. The required number o f  chips, 
wi th  the associated power and weight es t imates  t o  implement the V O I R  on-board 
SAR processor of Figure 2, a r e  tabulated i n  Table 5. 
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. _  1 

Power Weight 
Function Chips (Watts ) (Kg) 

Data Interface Unit 60 4 1.5 

Range Correlator 10 1 0.5 

Azimuth Correlator 1050 30 24 

Controller 170 20 4 

Totals 1290 55 30 
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APPLICATIONS AND LIMITATIONS OF VERY LARGE-SCALE 
INTEGRATION IN SAR AZIMUTH PROCESSING 

DENNISG. KUHLER 
GOODYEAR AEROSPACE CORPORATION 

P.O. BOX 85 
LITCHFIELD PARK, ARIZONA 85340 

SUMMARY 
By using digital CCD's for data storage and single-chip multiplier accumu- 
latorq a low-power, high-density convolution processor may be designed. 
The memory tradeoffs involving chip design and speed are related to the 

operation of the processor and several optimum memory organizations a.re 

given. The major limitation of a convolution processor designed with CCD 
memory chips is the inability to operate in real time except for slow aircraft 
speeds or coarse resolutions. Two methods of summing the products are 
evaluated with respect to speed, power, and space requirements. A con- 
volution processor is designed, and the number of chips as well as the power 
and volume requirements are determined using 4, 6-, and 8-bit data words. 
The processor is flexible because range samples may be traded for addi- 
tional azimuth samples by altering the control signals. The processor is 
also modular, and additional range or azimuth samples may be processed 
by adding more cards. Additional azimuth looks may be obtained by 
duplicating the single-look processor. 

1.0 INTRODCCTION 
The largest amount of hardware and the highest power requirement in a SAR 

data processor have been used to process the data in the azimuth o r  along- 
track dimension. The preftltered azimuth data are stored in  a corner- 
turning memory for the length of a synthetic aperture and convolved with the 
azimuth reference function to obtain processed azimuth samples. All range 
samples for a given azimuth position are processec? before processing the 
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next group of range namples. The convolution operation performed on N 
admuth samples may be expressed ‘by the equation: 

n=.(N+1)/2 

n= - 1)/2 
So(mT) = F h(nT)Si(mT - nT) , (1) 

So(mT) = complex output samples 
N = mnples  in synthetic aperture 

h(nT) = complex reference 
Si(mT = nT) = complex input samples. 

From eq. (l), the number of complex multiplications required per output 
sample is N, and the number of summations is N = 1. The in-phase and 
guadrature samples representing digitized radar returns collected for a 
synthetic aperture are stored in the CCD memories, multiplied by the com- 
plex reference functicn, and accumulated to give the azimuth-compressed 
signal (see Fig. 1). convolution processing requires a continuous stream of 
data with the oldest data sample being replaced by the newest sample after 
each azimuth output. 

2.0 CCD MEMORY CHARACTERISTICS 
The first element in the data path of Fig. 1 is the CCD memories, which 

store the samples until a synthetic aperture length of data has been collected. 
Three types of 65K CCD memories are  presently available from different 
sources. The 65K CCD memories from Fairchild, F464, and Texas 
Instruments, TMS 3064, are organized as sixteen 4K shift registers which 

operate at a maximum speed of 5 MHz. The single-bit output is selected 
from one of the 16 shift registers by a &bit address. The Intel device, 
2462, is organized as 256 registers of 256 bits each, and the maximum clock 
rate is 1 MHz. All three memories have a read-circulate, trite, and read- 
modify-write mode. \’ ien performing the convolution operation, the read- 
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Fig. 1. Azimuth Convolution Processor 
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recirculate and write modes are used. The TMS 3064 and the F464 chips 
2 require 12-V clock drivers, while T L clocks are used cn the 2462. The 

time required to output all 65K bits from the CCD memories o0) is 13.1 x 

loo3 s for the ' iXJ 3064 and the F464 when operating at a 5-MHz clock rate 
and 65.5 x loo3 s from the 2464 when operating ai a 1-MHa clock rate. This 
is the minimuin time to process all range samples for a particular azimuth 
position and provides a real-time azimuth resolution, Wa, of 

WA = 1.25ToVa 

where Va is the aircraft velocity, and 1.25 azimuth samples p-r resolvable 
element are processed to give 30-dB azimutk sidelc%s. 

Asaiming an aircraft speed of 1000 it/& the best azimuth resolution avail- 
able in real time is 16.4 ft from the 3'464 and TMS 3064 devices and 81.8 ft  
from Intel's 2464. Bettcr azimutk resolution may be obtained by recxding 
the data on mw.ztic tape ill red time and using a lower speed for playback. 
Five-ft re,wlution may be c i f ained by reducing thc tape playback speed by a 
factor of 3.3. This assumes enough complex m-lidpliers are used so that 
the shift rate in the CCD memory is the limiting parameter. 

3.0 PROCESSOR MEMORY ORGANIZATION 
Many combinations of bit length, range samples, and azimuth samples for a 
CCD memory chip are available as shown in Table 1. To avoid complex 
timing or address record keeping, the product of the bits per data word and 
the range samples should equal some multiple of the shift register length. 
Because the chips are organized as single-bit input and output, several bits 
of the same word may be stored sequentially in each shift regihter. Yowever, 
if parallel multipliers are used in the correlator, a serial-to-parallel con- 
verter must be used at each CCD output, Such an organization is desirable 
only if the number of range samples is less than the CCD shift register 
length, in which case part of the shift register would remain unused. The 
number of bits per data word, NB, column 1 of Table 1, is determiqed by 
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-- TABLE 1 - OPTIMUM CHIP ORGANIZATIONS 

4 2 
4 

1 

2 

1 
2 
4 
8 

- 
6 

8 

*R NAZ 
Range samples/ Azimuth samples; 

i-ange b e  CMP 

2iG 
--- Nsh e -- 

Nsh’ CP 

i I v 

I 

J 
i ---- 

i 
the dynamic range requirements and wil: be considered fixed at 4, 6, or 3 
bits, although there iz some interest in single-bit processors. The number 
a€ clock pulses per data word, CP, determines how many bits of each data 
word are stored on a chip. The m z t  practical combinations are a singlc- 
clock pulse, Cp = 1, in which case a single bit is stored in each chip and 
NB parallel chips are required; and Cp = NB, in which case all bits of a 
data word are stored or1 a single chip and the data are output serially. The 
number of range samples, NRI stored for each azimlith sample (column 3 
of Table 1) is given by 

where Nsh is the number of bits pel shift reea te r  in  the CCD, and m is 
the number of shift registers filled by a range F.ne of data. The upper limit 
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of rn is tbe lwmber of sbjft registers in the CCD, 16 in the TMS 3064 and 
F464, and 256 in the Intel 2462. The number of range samples per PRF is 
gi-w 

KAS 
r 

N * = - r  s 

w b r e  AS is the slant range swath and Wr is the slant range resolution. 
The number of ShiA registers in a CCD required to store a range sample 
is given by combining eq. (3) and (4) and solving for m: 

The number of azimuth samples stored in a CCD memory, cohrmn 4 of 
Table 1, is given 

is the number of bits in a CCD (64K). The number of azimuth where NCCD 
samples across the synthetic aperture, Nm required to process the data 
to an azimuth resolution, Wa, is given by. 

0)  K K % A  
= Ls w = - 2 -  

a 

The number of chips required to store a fraction Cp/NB of the data is 
determined by dividing eq. (7) by eq. (6): 

'IS K % A  NRcP --- - =  

NAZ 2w," NCCD 

The total number of memory chips, NCH, is then obtained by multiplying 

eq. (8) by NB/Cp to give: 
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&A e-.-= NRcP NB NLS%NB 0 (9) * m = a  
NCCD ‘P NCCD 

4.0 PROCESSORDESEN 
As an example of azlmuthprocessor design, a slant range swath of 10 mi is 
imaged at a maximum range of 30 mi with azimuth and range resohdion of 
10 ft with I andQ data channels of 4 bits each. The displacement caused by 
range curoatare may be &termlnedfrom the equatiw 

which for an X - b d  radar, A = 0.1 ft, is 1.15 ft. This is sufficiently 
small so that range curvature correction is unnecessary. The value of m 
is, from eq. 6) when using Nsl = 4096, and Cp = 1, 

-I? - - 1.25 x 10 NMI x 6000 ft/NMI x 1 = 1-83 
= N&W, g 6 x  loft  . 

Because m must be an integer, the next highest value, m = 2, is chosen, 
This increases the slant range swath from 10 NMI to  10.9 NMI. The num- 
ber of range sampks is, frorAA eq. (3), 

The number of azimuth samples stored per chip is, from eq. (6), 

- NCCD 65 536 
N ~ ~ - ~ R . ~ p = ~ = 8  
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The number &'Jrdmuth 8arnpIes across the synthetic aperture, NL9 is 
determined from eq. (7) to be: 

i?RA - (1.25)'. SONMI x 6000ft/NMI x 0.1ft = Nu ='r - 
2 x (loft)' aw, 

Because 8 azimuth samples are storedper cbip, the number ofaztxnuth 
chips m@ed is 140/8 = 17.5, so 18 azimuth cMps are used, increasing 
the number of azimuth samples, Nw to 144. The total number af CCD 
chips required for azimuth processing may be determined from eq. (9) to be= 

Tb power Feqprired is appmdmakew 0.25 W/chip, or 36 W totaJ, for the 
memory and 19 W for the 42 clock d.r€vers. The memory and clock drivers 
r e q u i r e t h r e e p r i n W d r C u i t ~ .  

5.0 MULTIPLIER ACCUMULATOR 
The data are mtpt from the memory to the multipliers (see Fig. 1). The 
pmduct of the complex signal and the complex reference is formed and 
summed for aII azimuth data point.. The four products which are formed 
to give the in-phase and Quadrature components are: 

'8Q I Q - P ~ ~ s  = SiRi - 

The choices of integrated circuits to perform the complex multiplications are 
an &bit multiplier from Monolithic Memories and an &bit multiplielc 
accumulator from TRW. The multiplier chip requires an output latch as 
well as an adder stage and an accumulator to equal the capability of the &bit 
TRW multiplier accumulator. The combined space and power requirements 
of the multiplier, latch adder, an4accumulator combination are greater by 
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a factor a 2 than the space and power required by the TRW chip, which uses 
1.2 W to accomplish a multip~-acmmulafe operation €n 70 ns. Because the 
multiplier accumulator operates at greater than a 10-MHz rate, a single 
chip can accumulae the prothcts of either the in-phase or guadrature corn- 
poaents of eq. (11) by forming the first product and then adding or sub- 
tracting the second. The multiplier accumuIator output is a 1SMt sum of 
products which may aCcr)mocWe sixteen 15-bit products without overflow. 
-bit prcxhcts result from the multiplication of two &bit words. 
Sxty-four procasds of 11 bits each m y  be accumulated without overflow 
w l m  there are 6 Mts in the signal and the reference, and 256 products of 
7 bits each when there are 4 bits in the signal and the reference. If the data 
rate to the compression filter is slowed sufficiently so that 256 products of 
7 Mts each may be stoizd in the accumulator, only a minimum number of 
accumuhtors are required to do the convolution indicated in eq. (1). 

Aswlmiag a 5-MHz shift rate in the CCD'q a single accumulator may store 
the in-phase or qluadra;ture products for the eight azimuth samples stored in 
a CCD memory, The required number of multiplier iummulators is then 
144/8 x 2 = 36. The required power is 1.2 W/chip x 36 chips = 43 W. 
An aMitional8 W is required to multiplex the CCD outputs to form the two 
products indicated in eq. (11) for the in-phase and qmdrature channels. 
The final opemion in performing the comubxtion operation is to add the mt- 

plts the multiplier accumulators (18 I and 18 Q accumulators). The num- 
ber its output from each accumulator in the example used is 11 (16 

products of 7 bits each). The power required to accumulate the final 
products is 20 W, and the number of chips required to s r n  the accumulator 
outputs is 260, consisting of latches and adders. The output !s a 16-bit sum 
of products in I and Q, occurring each 1.6 ps. The power and chip require- 
ments for each function a r e  listed in Table 2. The reference function 
generator is not included in the table, but a reasonable estimate would be 
two cards and a total power consumption of 10 W. 
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6.0 CONCLUSIONS 
Modern CCD n-mories and signal processing chips provide the capability 
to design and build radar signal processors using a fraction of the volume 
and power required by present processors. As a comparison with current 
technology as exemplified by the SAPPHIRE processor, the size of an azi- 

muth processor employing CCD memories and signal processing chips 
would occupy seven percent of the valume and use five percent of the power. 
It would have applications where near -real -time processing was satisfactory 
and where low power, size, and volume were desirable. 

Other desirable attributes include a reduction in the number of indivichal 
printed circuit card types and the number of interconnections which enhance 
the reliability and rebrce the cost. The processor is flexible because range 
and azimuth tradeoffs may be performed within each chip as given m Table 1 

The processor is also modular with the basic module consisting of a single 
processor card which includes both the memory and the multiplier accumu- 
lator. As a result of fewer parts and simpler design, the life cycle costs 
of operation and maintenance are also reduced. 
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SYNTHETIC APERTURE RADAR I N  GEOSYNCHRONOUS ORBIT 

KIYO TOMIYASU 
GENERAL ELECTRIC COMPANY 
VALLEY FORGE SPACE CENTER 

PHILADELPHIA, PA. 19101 

Radar images of the  e a r t h  can be taken with a syrlthetic aper ture  radar  

(SAR) from geosynchronous o r b i t a l  ranges by u t i l i z i n g  satellite motion 

relative t o  a geostationary posi t ion.  

motion can be obtained by having an o r b i t  plane incl ined r e l a t i v e  t o  the 

equator ia l  plane and by having an eccent r ic  o r b i t .  

of these SAR images are topography, water resource management and s o i l  

moisture determination. Preliminary ca lcu la t ions  show t h a t  the United 

S ta t e s  can be mapped with 1OO-m reso lu t ion  c e l l s  i n  about 4 hours. 

the use of microwave s igna l s  the  mapping can be performed day o r  n ight ,  

through clouds and during adverse weather. 

See Figure 1. A s u i t a b l e  satel l i te  

Po ten t i a l  appl ica t ions  

With 

Synthetic apixture  radars  have been flown i n  a i r c r a f t  [3 ]  and one is sched- 

uled t o  be f l m  in the low-orbit NASA SEASAT satel l i te  [l]. The antenna 

beam is usual ly  or iented broadside (normal) t o  the radar  platform ve loc i ty  

vector ,  although the beam can be or iented a t  other oblique angles [:I. The 

SAR image plane is defined by the platform ve loc i ty  vector  and radar antenna 

beam axis .  A geometrical cons t ra in t  requi res  t ha t  the normhl of the object  

scene plane must not l ie  i n  the SAR image plane. I n  vector  notation,* 

(;;xi+ ;1+ 0 - 
where v = radar platform ve loc i ty  vector  

R = radar range vector  along antenna beam a x i s  

n = object  scene plane normal 
II 

The t rack of a s a t e l l i t e  i n  geosynchronous o r b i t  depends on the o r b i t  

inc l ina t ion  angle and o r b i t  eccen t r i c i ty .  

fo r  an example of o r b i t  i nc l ina t ion  angle only. 

oriented i n  the Porth-South d i rec t ion .  I f  a small amount of o r b i t  

In  Figure 2a, a t rack is shown 

The long dimension i s  

* Other i d e n t i t i e s  a r e  - (g x n) and (n x v). 
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eccen t r i c i ty  is added the t r ack  w i l l  tilt as shown i n  Figure 2b, and a 

greater eccen t r i c i ty  w i l l  produce the  t rack  shown i n  Figure 2c. 
inclination angle of Ll", an o r b i t  eccen t r i c i ty  of 0.009. and an argument 

of perigee of 90°, a near c i r c u l a r  s u b s a t e l l i t e  t r ack  [ 21 can be produced 

as shown i n  Figure 2d, and the  satell i te scanning speed is about 48 m/se 
r e l a t i v e  t o  a nominal geostationary posi t ion.  The m a x i m u m  range rate is  

about 30.4 m/sec t o  a 40° l a t i t u d e  ground loca t ion  a t  the  same longitude. 

A radar  frequency of 2450 MHz, an antenna beamwidth of 1' and a ground 

r e so lu t ion  of 100 meters are assumed. 

With an 

The following values  were computed: 

antenna diameter 

incidence angle 

beam foo tp r in t  

d i f f e r e n t i a l  s l a n t  range 

across  foo tp r in t  

range ambiguity 

azimuth ambiguity 

radar  PRF 
i n t eg ra t ion  time 

r ad ar bandwidth 

radar  Doppler s h i f t  

7.3 m 

46.3O 

1063 lon N-S by 654 lon E-W 
690 km 

217 pulses/sec,  m a x  

13 pulses/sec,  min 

54 pulses/sec,  nominal 

476 secs, min 

2.08 MHz 
500 Hz, max 

Depending on the viewing angle,  an in t eg ra t ion  t i m e  of up t o  700 seconds 

per beam foo tp r in t  mey be required.  To achieve 100-m azimuth reso lu t ion  

t o  cover the  United S ta t e s ,  3 East-West rows and 7 North-South columns of 

f o o t p r i n t s  w i l l  be required and t h i s  w i l l  take about 4 hours. The number 

of p ixe l s  is lo9. An ambiguity due t o  a r a d l r  Doppler s h i f t  of 500 Hz can 

be removed by ground processing which relies upon accurate  ephemerides data .  

An o s c i l l a t o r  s t a h i l i c y  of b e t t e r  than 1 pa r t  i r l  10l1 is required over the 

in t eg ra t ion  time. The time-delay Doppler s h i f t  s i g n a l  processing technique 

required t o  produce images i s  q u i t e  similar t o  t h a t  used i n  radar  astronomy 

[41  

The t ransmi t te r  power was calculated assuming a system noise  temperature 

of 600°K, a system los s  of 6 dB and a re4i-l-tant SIN = 10 dB. The average 

powers as a funct ion of normalized radar c r c s  Lecrion u o  are: 
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(I*, dB 

-10 

-20 
-30 

Pave, watts 

800 

8,000 
80, COO 

Other sets of parametric values  can be assumed t o  ..chieve d i f f e r e n t  

performance cha rac t e r i s t i c s .  
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SUmARY 

User requirements and inherent system constraints d ic ta te that  operational 
synthetic aperture (SAR) systems for observations a t  o r b i t a l  heights shou; - 
have the fol lowing characterist ics: 

1) W i d e  Swaths 

2) Cwerage a t  Ne;-ly Constant Incident Angles 
3) Pmgraimnable Incident Angles 
4) Low Transmitter Power 
5) Reasonable Antenna S i te  

Conventional designs f a i l  t o  achieve these objectives. 

A mult ip le beam radar i 
The mult ip le beam approach readi ly overccmes the radar an&igsJity constraints 
associated with o r b i t a l  systems and therefore permits imagery (der  swaths 
much wider than 100 kilometers. 
m i  t s  imagery a t  nearly constant incident angles. When ireq:iensy scanning 
i s  employed, the Tenter angle may be prugramd. T h  redundant use of 
the antenna aperture during reception resul ts i n  lower transmitted p, '=r 

and i n  shorter antenna lengtns i n  comparison t o  conventional designs. 
Compatibil i ty of the approach w i th  passive imagery i s  also suggested. 

*oposed as a solut ion meeting these reqcirements. 

Fur themre,  the antenna technique per- 

The svstem concepL i s  developed and i l l u s t r a t e d  by means o f  examples. 
One design example i s  thought t o  be sui table for hydrological monitoring 
while the other i s  thought t o  be suitdble for monitoririg vegetation re- 
sources. 

1 . 0 INTRODUCTION 
The r o l e  f o r  the imaging radar as an o r b i t a l  senscr f o r  earth oriented ob- 
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observations has emerged i n  recent years. E f fo r t s  are underway t o  deuton- 
s t ra te radar's capabi l i ty  from space using conventional design approaches 
t o  minimize developaent costs and r isks. Although conventional radar 
imaging systems should be flm aboard spacecraft on an i n te r im  basis t o  
demonstrate t h e i r  capabi l i ty  and u t i l i t y ,  u l t imately operational systems 
should be oasec! on advanced radar concepts m t i v a t e d  by user requirements 
and by inherent system constraitits. An examination o f  these requirements 
indicates tha t  a cal ibrated operational system should, among other factors, 
have the fol lowing general characterist ics: 

1) Yide Swath Coverage 
2) Nearly Constant Incident Anglc 
3) Programable Incident Angle 
4) Low Transmitter Power 
5) Reasonable Antenna Length 

I n  addi t ion t o  these i t  i s  also desirable that  the radar sjstem be compat- 
i b l e  wi th a rad iomter  system so as t o  permit act ive and passive imagery 
s i w l  timeously. 

Swath width i s  necessary f o r  frequent and timely observations. 
t ional  systems wide coverage i s  l im i ted  by pract ica l  antenna lengths, by 
avai lable transmitter power, and by other factors. 
systems t yp i ca l l y  image over a large domain of incident angles. Quantita- 
t i v e  interpretat ion o f  these returns w i l l  require removal o f  the incident 
angle behavior, pa r t i cu la r l y  a t  the smaller incident tngles. 
systems which generate wide swaths t y p i c a l l y  require high peak transmit 
pavers since the PRF ra te must be reduced t o  meet rarbge ambiguity con- 
straints.  I n  some cases t h i s  can shorten the transmitter 's l i fe t ime.  

I n  conven- 

Crosstrack oriented 

Broad Seam 

To overcome swath width ' imitat ions Moore, e t  a i .  [ I ]  havc suggested and 
investigated a scanning synthetic aperture radar-. Another technique to  
improve swath width while imaging a t  nearly a constant incident angle i s  

suggested by a mult ip le beam antenna concept advanced by Bucknam, e t  a l .  
[ Z ]  for a d i f f e ren t  appl icat ion. 
demonstrate i t s  app l i cab i l i t y  i n  a synthetic image formation system. 

T h i s  antenna concept i s  examined here t o  
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2.0 THE =TI-BEAM SAR CONCEPT 

2.1 REAL EAMs 
The multi-beau antenna i n  i t s  mapping node i s  i l l u s t r a t e d  i n  Figure 1. The 
antenna consists o f  two horizontal arrays o f  ve r t i ca l  eleinents. This pla- 
nar colposite array faces a t  an azimuthal angle 43 between the uptrack and 
crosstrack directions. One array serves as the transmitt ing antenna and 
the other as the receiving antenna. The ve r t i ca l  elements i n  the arrays 
are i den t i ca l l y  phased t o  create i n  the elevation plane a narrow beam 
which points darnsrard a t  an incident angle 
ning technique the angle o f  incidence my be changed as i l l u s t r a t e d  i n  Fig- 
ure 2. The width o f  transmit antenna i s  su f f i c i en t l y  small t o  i l l u n i n a t e  
a c i r cu la r  swath t o  the right o f  the ground track. The ve r t i ca l  elemeqts 
i n  the receive array are the same height as Ihe elements i n  the transmit 
array. The output signals from the receive elements are processed s inu l -  
taneously t o  form NB rea l  beams. The rea l  beams overlap t o  provide re- 
ceive coverage over the en t i re  i l 'm ina ted  area. 

2.2 SYNTHETIC BEANS 
The translat ion of the real  aperture together wi th range gating i s  employed 
+o generate high resolut ion synthetic beams i n  each real  receive beam. The 
intersect ion of these synthetic beams w i th  the scene forms p ixe l  elements 
as suggested by Figure 3. A mosiac o f  radar imges may be created by 
appropriately colnbining the synthetic resolut ion elements i n  a l l  receive 

By using a frequency scan- 

beams. 

It i s  advantageous t o  image i n  the uptrack sector def 
i. i terva1 O0;$< 45'. More swath i s  generated per u n i t  
i n  the uptrack sectcr i n  comparison t o  the crosstrack 
Therefore, fewer receive beams per u n i t  o f  swath leng 

ned by the azimuthal 
azimuthal beanwidth 
sector (45Oi ~j, < 90"). 
h are required. I n  

addit ion the multi- look strategies d i f f e r  s ign i f i can t l y  between the two 
sectors. 
cessi ng. 

The choice o f  one sector, consequentyy, ! . impli f ies the SAR pro- 

To generate mult ip le looks i n  the uptrack sector processed retvrns a r e  
sampled i n  azimuth a t  ident ical  cross-track distances a t  a l l  range in te r -  
vals as i l l u s t r a t e d  i n  Figure 3. The detected samples a t  ident ical  
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cmsstrack distances are then sum& on the same c e l l  but  from d i f f e r e n t  
range bins as mde possible by the t rans lat ion o f  the aperture. Therefore 

mul t ip le  looks are created " in elevation" rather than " in  azimuth" as i s  
the case with systems looking crosstrack. 

2.3 - TRANSHITTER CONFIGURA~ION 
The transmitter architecture i s  i l l u s t r a t e d  i n  the block diagram o f  Figure 
4. A bank of frequency synthesizers provide the frequency scanning capa- 
b i l i t y .  The output of a frequency source i s  modulated, ampli f ied and d i -  
rected t o  the transmit antenna. A small port ion o f  the transmitter power 
i s  sampled f o r  in ternal  ca l ibrat ion of the system. 

2.4 RECEIVER CONFIGURATION 
A receiver block diagram representing a processing approach for the multi- 

beam SAR i s  i l l u s t r a t e d  i n  Figure 5. Amplif ied signals from the elements 
o f  the receive antenna are combined wi th  appropriate phase sh i f ts  t o  pro- 
duce return signals w i th in  each real  beam. The output of each beam i s  
then coherently atmdulated t o  zero I F  using quadrature local  osc i l l a to rs  
Range compression i s  performed on the I and Q channels. The range sampling 
i s  performed i n  such a manner t o  track the range walk i n  each beam. 
samples are then stored i n  a corner turning memory. Two such memory banks 
are provided t o  store samples from overlapping synthetic apertures. 

The 

As one memory bank f i l l s ,  the samples i n  the other undergo azimuthal ccun- 
pression. Signals generated by the azimuthal processor are appropriately 
sampled i n  accord wi th the multi- look strategem described above. 
samples are stored i n  the post processor memory. The processor registers 

and overlays the mult ip le looks. 
elements are directed i n t o  the telemetry l i n k .  

Detected 

From the post processor memory the p ixe l  

3.0 CONCEPT VERIFICATION 

3.1 INTRODUCTION 
A design 3pproach f o r  the multi-beam SAR i s  presented i n  t h i s  section t o  
confirm the acceptabi l i ty  o f  the concept. I n  the approach i t  is cssumed 
that the radar wavelenyth A, the elevation beawidth BH, the incident 
angle Co, the swath width S and s p a t i a l  resolut ion p a r e  specified by 

\. 
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the  user appl icat ion.  F u r t h e m r e ,  i t  w i l l  be pragmat ica l ly  assumed tha t  
the swath w i l l  be generated i n  the azimuthal sector  between 10' and 45'. 
The antenna w i l l ,  therefore, p o i n t  a t  $o = 27.5'. Throughout the concept 
v e r i f i c a t i o n  a planar ear th  w i l l  be used t o  s i m p l i f y  the analysis.  

3.2 ORBITAL ALTITUDE 
The o r b i t a l  a l t i t u d e  z i s  dependent upon the swath width desired. The para- 
t w t r i c  dependence o f  the swath width on the a l t i t u d e  i s  i l l u s t r a t e d  as a 
func t ion  o f  inc ident  angle i n  the graphs o f  Figure 6. 

angles i t  may be necessary t o  image on both sides o f  the grou .a t rack  w i th  
separate systems t o  improve the swath width. 

A t  S M ' ~  5vi:ident 

3.3 RADAR AMBICUITIES 
An important consioe,-h;;m i n  designing o r b i t a l  SAR systems i s  prov id ing 
s u f f i c i e n t  ambiguity suppression. To achieve sa t i s fac to ry  suppression i n  
t h i s  design v e r i f i c a t i o n  a guard f a c t o r  o f  1.7 w i l l  be used i n  the range 
and azimuth sampl i ng requi rements . When these requi  re iwnts are combined 
the fo l low ing  r e s t r i c t i o n  on the beam widths i s  derived: 

(1) < 2 8L 8" - .088;\c/tv tan Oo s in+ 

where c i s  the speed o f  propagation and v i s  the ground t rack ve loc i ty .  
The above expression can be used t o  determine an acceptable azimuthal 
beam width 6L since BH has been speci f ied.  

The s u i t a b i l i t y  o f  such gua1.d factors  i s  dependent on reawnably low side- 
lobe levels .  
a 17.6 dB sidelobe leve l  i s  chosen. The associated beam widtk i s  given 

I n  view o f  the two-way cha rac te r i s t i c  i n  the range d iwns ion ,  

by [31 
- 1.02X 

BII - - Hsin Bo 

where H i s  the antenna height.  A s'delobe leve l  o f  40 dB i s  chosen i n  the 
azimuth dimension i n  view o f  the one-way cha rac te r i s t i c  there. The az i -  
muthal b e m  width i s  given by [3 ]  

where L i s  tt ie antenna length. To i l l umina te  the e n t i r e  35' sector, 

the width of the t ransmit  antenna mus t  be given by 
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W = 1.7A/sinOo (4) 

NB = 0.61/BL $=9,) (5) 

The above re la t ionsh ins  speci fy  the antenna dimensions. 

From BLthe number o f  receive beams can be computed approximately as 

A PRF which includes the 1.7 guard f a c t o r  

3.4 TRANSMITTER POWER 
PRF = 5.9 v/L 

s given by 

( 6 )  

It i s  we l l  known tha t  the average t ransmi t te r  power i s  given as 
2 4  - 4rA-R LsFkT S/N 

%a - ( 7 )  

where 
R = radar range 
L, = system loss k c t o r  
F = receiver  noise f i gu re  
kT 
S/N = s ignal  t o  noise r a t i o  

v{qr = product o f  antenna e f f i c i m c i e s  
(I = sca t te r ing  c o e f f i c i e n t  

= noise power per u n i t  bandwidth 

(8) AtAr = LWH 2 =  s i n  eo COS(I$-$~) 

Ta = 1.28 hR/2v(' s i n  eocosI$))ip ( 3 )  
2 2 

The corresponding peak power i s  given by 

W t r  = BrfWta/PRF Cr (10) 

whwe 
Cr = range compression .ac to r  

Brf = 0.5c/psineo (11) 

The range comp.ession fac to r  Cr cannot be iccrtqsed i n d e f i n i t e l y  s ince the 
sum o f  the t ransmit  and receive durations must be less than the PRF 

i n te rva l .  
i n te rva l  t o  a l low f o r  receiver  gate rise and f a l l  times and for var ia t ions 

When a guard spa;e o f  four  t ransmit  pulse lengths is added t o  the 
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i n  a l t i t ude ,  a range compression const rafnt  can be establ ished 

< B r f  1 2AR C r -  
C 

where AR i s  the range i n t e r v a l  over the i l l umina ted  area. 

The above expressions are he lp fu l  i n  speci fy ing the t ransmi t te r  power i-3- 

qui  remnts.  

3.5 RANGE YIGRATION CONSIDERATIONS 
Since the multi-beam SAR i s  a squinted system, the changing range t o  a 
reso lu t ion  c e l l  must be compensated. 
same processing bin, the range gate must be advanced 

To keep a reso lu t ion  -:ll w i t h i n  the 

(13)  

every radar pulse. This w i l l  t rack  the so-cal led range walk. 

I n  addi t ion,  there i s  range curvature a l so  induced by the admIce of the 
spacecraft. The azimuthal coverage i s  r e s t r i c t e d  by t h i b  curvature as 
i l l u s t r a t e d  i n  Figure 7. To keep the azimuthal elements i n  focus through- 
out the beam the fo l low ing  i nequa l i t y  

r) 

3 . 1 ~ ~  s i n  eo 
x 4 -  % 

coseo (14 )  

must be sa t i s f i ed .  
t i o n  i f  the processing i s  t o  be kept simp'.. 

3.6 X R  PZOCESSIPG REQUIREMENTS 
To min ia i te  the telemetry data r a t e  on wide swath systems, i t  i s  important 
t o  perform the SAR process! on-bourd the spacecraf t .  The t e a s i b i l i r y  o f  
such a processor i s  depenknt on i t s  adaptab i l i t y ,  speed and memory re-  
quirements. Various processing techniques having s u f f i c i e n t  speed and 
adap tab i l i t y  have been advanced [4] .  
thk multi-beam SAR is nominally given by 

This r e s t r i c t i o n  w i l l  impact the beam s ize  or resolu- 

The S.9R processing ineniory s ize  f o r  

(15) 
2 M = 4.6 PRF v Ta NL NB/o  

where NL i s  the number o f  independent looks. 
and Q memories and two memory banks as described i n  Section 3.4. 

This estimate i s  bawd on I 

3.7 
If the processed data i s  l oga r i t hm ica l l y  converted and i f  e igh t  b i t s  o f  

TELEMETRY 6 ' -- RATE 
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m c  range are crployed. them the t e l c r t y  b i t  rate i s  g i m  by 
5 = 5.5 v 2 m 0 / p  ( 16) 

This rate estimate does not include the bits required for housekeeping, 
synchronization, contml, error recovery codes, etc. These w i l l  add 
s l i g h t l y  to  the &OWE est imte.  

2 

4.0 xs1a  ILLumTIocIs 
To ,:;istrrte the potential o f  the multi-beam SAR concept two designs are 
presented. One design i s  based on system parareten thought t o  be su i t -  
able f o r  hydrological m i t o r i n g  [5j. The second design i s  appropriate 
f o r  mi tor ing \-,getation resources [6]. The design quidelines are pre- 
sented i n  Table 1. The resul t ing aesigns are presented i n  Table 2. 

4.1 
It i s  apparent from the parer entr ies of Table 2 that  the redundant use of 
the receiving aperture has reduced the average and peak transmitted parers 
cortsiderably i n  colparison t o  conventional systems offer ing cosparable 
swaths. The peak pmer requirerent was fur ther reduced by the high PRF 
pennitted by the mlti-beam approach. This law  peak power w i l l  s ign i f i -  
cantly increase the l i f e  o f  the transmitter. 

As a point o f  reference a conparison o f  the SIR-B X band design [7] with 
the multi-beam X band design i s  presented i n  Table 3. It i s  clear from 
these entries that the mlt4-beatn SAR can achieve identical resolution, 
mre looks, larger swath, and a coaparable S/N r a t i o  with less trans- 
m i  t t e r  power a t  much higher a1 ti tudes. 

DISCUSSIocl OF THE IKSIGW RESULTS 

Also from the entries of Table 3 i t  i s  noted that the antenna length has 
been shortened considerably while achieving a larger swath with the 
multi-beam system. Had the SIR-B system obtained a s imi lar  swath i t s  
antenna length would have been 29 meters long. The area o f  the multi-beam 
antenna i s  considerably larger than conventional systems. This arises be- 
cause the physical aperture i s  considerably larger than the projected aper- 
ture. This feature may become bothersome a t  the small incident angle and 
longer wavelengths. However, the aperture s i ze  fo r  the C tand design i s  
within the capabil i ty o f  a f ree f l y ing  system; consequently, i t s  s i z e  i s  
not objectionable. 

. 
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Parertcr Application Units 
MmlOqy Veqetatiorr 

i 6 2.5 a 
% 15 I S  ml 
BH 2 0.5 deg 

s" 86 160 b 

0 50 25 I 

TABLE 2 
IIOIIIML DESIGW RESULTS 

BL 
PRF 

600 
6.8 
6.8 
0.39 
3.2 
4.5 
11.6 
65.4 
10 
-2.0 
- 10 
6 
390 
22 
200 
280 
11 

300 
4.1 
3.4 
0.06 
1.1 
9.3 
8.5 
46.5 
10 
-2.0 
-20 
3 
150 
128 
100 
450 
32 

km 
R 

m 
m 

deg 
KHZ 

Mi2 

llls 

dB 
dB 
dB 
dB 
- 
watts 

watts 
beams 
1 ooks 10 

P.Sxl0 words 
6 6 

6 6 

NL 10 

z 1.5x10 
2.7~10 19.8~ 10 b i  ts/sec 8. 

VI-4-16 



TABLE 3 
colpAllIsow OF MJLTI-BEAn m COWVENTIONAL ORBITAL SARS 

Parameter ml1 ti -w SIR-B Units 
x 2.5 3.6 a 
2 6aJ 185 Itl 

128 800 w 
,450 20 In 

L 3-4 12 R 

H 4-1 24 R 

p: 25 25 It 

U0 -20 -23 dB 
S/N 10 14 dB 

160 68 h 
10 8 

loo 400 

"ta 

'IL 
cr 

It i s  encouraging to  note that  the ammy sizes and telemetry b i t  rates are 
lore than within the capabi l i t ies  o f  current technology. The telemetry 
b i t  rates deRonstrate the advantages of on-board processing. The reduc- 
tion, among other factors, resul ts from overlaying the mul t ip le  looks 
aboard the spacecraft. 

5.0 CONCLUSIONS 
A unique and novel approach t o  radar imaging has been ident i f ied.  The re- 
su l ts  of the ver i f i ca t ion  analysis have denonstrated that  the multi-beam 
SAR exhibi ts sytem properties conpatible w i th  free f l y i n g  sate l l i tes.  The 
constant incident angle (par t icu lar ly  a t  the smaller angles) and the large 
swatb are a t t rac t i ve  features t o  experimenters and users requir ing quanti- 
ta t i ve  data over large areas. 

The multi-beam approach allows f l e x i b i l i t y  i n  designing orb i t ing  systems. 
The radar ambiguity constraints are more easi ly sat isf ied through the use 
o f  m l t i p l e  beams on reception. The redundant use o f  the receiving aper- 
ture reduces the transmitter power by a sizeable factor. This allows the 
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&signer mom choices i n  pmer w l i f i e r s  and assures hi. a more re l iab le  
trmsdtter section, It i s  also anticipated that rea l - t ime SAR processing 
within a ulti-bear syster w i l l  be easier t o  irplenent. The constant 
incident angle and MPIDW receive bears make c lu t te r  locking more effect ive 
and simpl i f ies focusing of the processor associated with each beam. 
particular, the depth o f  focus and range curvature are both easi ly managed 
within the confines o f  narrow beams. 

I n  

The mult iple beam approach i s  also capat ib le  with a passive imaging 
system. A port ion o f  the PRF interval  not occupied by the transmission or  
the return can be used as a quiet l is ten ing time. The beam processor may 
be erployed t o  fom radiometer p ixe l  elements. Concurrent passive and 
active i lagery i s  a very at t ract ive alternative, part icular ly when the 
radar inages can be used t o  show the internal conposition o f  the radion- 
e ter  pixel  elerent. 
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SUQUBY -- 
Valley Forge Research Center is d e s i g n i q  a high resolut lon narrow angle of 

piav hag- radar system. 

600 meters operating a t  X-band t o  produce a be-idth of approximately 0.05 

mr- 
ber of wavefront samples, spaced randomly over the aperture  are processed, 

a d  adaptive beamforming with open loop scamlug  is used. As a result, the  

processing requirements are reduced to w i t h i n  the capabi l i ty  of present day 

8uu computer technology, and the tolerance on f l i g h t  path s t a b i l i t y  is 
loosened by about 1OO:l. 

and evaluation results will be  presented. 

It w i l l  employ an  airborne synthet ic  aper ture  of 

This system d i f f e r s  from a conventional SAR i n  that only a smaller UIR- 

The system w i l l  be described and init ial  analysis 

The system design to be described is a product of the  ongoing research pro- 

gram t o  study the  appl icat ion of the  theory of large,  random, adaptive a r rays  

t o  the  implementation of high resolut ion airborne ground surveillance radars. 

This design cambines adaptive beamfodng and synthet ic  aper ture  techniques 

to provide a 100-fold improvement in the  resolut ion capabi l i ty  of a h e l i c o p  

ter radar system. 

mill iradians;  the high resolut ion system w i l l  sharpen the  beamddth t o  0.05 

milliradians.  This increased resolut ion Will be provided Over only a l u t e d  

f i e l d  of view aa this high resolut ion system is designed to  be used in a man- 
ner analogous t o  a telephoto lens. 
ident i fy  a small region of i n t e r e s t ,  perhaps 5 M i n  angular extent and a few 

hundred meters in depth; at the  assumed range of about 60 ka t h i s  ta rge t  area 
would be about 300111 on a side.  

w i l l  be scanned over t h i s  region providing a resolut ion cell  3 meters wide. 

The assmed hel icopter  radar has a bearwidth of about 5 

The conventional radar w i l l  be used t o  

The high resolut ion 0.05 m r  array pa t te rn  
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. 'Iba depth of the re8olutIoa call wlll be determlaed by the range gate  of the 

r d u  .rpd I s  ummul to be about 1%. IF l a  advantageous to l i m i t  the q r r  
lu extent of the uu of high r m l u t i e a  imging (scandag) since th i s  per- 
du u c h  greater rmcertainty iE the poeitloa of the  radar platform without 

frru of raoolutlon. Alms If pipel ine processing is used, the uomt of data 
to be stored vill be greatly reduced, since f o r  the parameters ass- above 
there wuld be only .bout 100 resolution cells io the azimuthal d i rec t ion  and 

about 20 range bins  in depth. 

High resolutiorr haglug requires that the e f fec t ive  apzrture  of the receiving 

antema is very luge; 0.05 rilliradhn bePv id th  demands an aperture s i z e  of 

a b u t  20,OOO vavdengths. 

meters (about 2,000 ft) if the system is operating a t  X-band (a wavelength of 

a p p r o r i u t e l y  3 centimeters) [l]. 
moves along a path to  construct the  large array sequentially.  When the  spall 

area to be imaged has been selected, the hel icopter  w i l l  maneuver so that its 

position is coincident with a line determined by a prepositioned cooperative 

corner reflector and the t a rge t  region. 

an a h i q  point f o r  adaptive focusing of the array. 

This corresponds to a physical dimension of 600 

The system uses a single hel icopter  vhich 

The corner r e f l ec to r  will serve as 

The use of a corner reflector fo r  adaptive beamforring results in najor d i f -  

fereraces between this adaptive synthetic aperture  radar (AS&) and a conven- 

tioaal SAR system. Adaptive beamforring v i l l  be  accomplished by cophasing 
the corner r e f l ec to r  returns as measured a t  each of the  sample points of the 

array '.a place the peak of the  main lobe of the  array's receive pat tern in 
the d i rec t ion  of the  comer  reflector. Adaptive beamfordug thus permits 

fomlng a beam without knowledge of the  posit ions of the sample points of 

the array. The aiPPiag point r e f l ec to r  m u s t  be readi ly  ident i f ied  in s p i t e  of 

the normal ground c lu t t e r ;  consequently, t h i s  "corner re f lec tor"  might be im- 
plemented as a high power transponder beacon o r  perhaps a coded retrodirec- 
tlve array offer ing a large time-bandwi3th product. 

established its pos+'ton along the  line determined by the  aiming poin t  and 

the ta rge t  region, IC w i l l  move horizontally in a direct ion perpendicular to  

this line, sampling the  signal returns  from the  target region as i t  is il- 
l d n a t e d  by the  hel icopter  radar. 

be collected a t  random in te rva ls  over the e n t i r e  pathlength (60Om at  X-band). 

Once the  helicopter has 

The smples  of the t a rge t  wavefront w i l l  
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Random sampling p u r i t a  tw -tbe a r ray  to reduce the amount of data re- 
quired to bage tba target region. 
then be proceased to y ie ld  an image of the  t a rge t  region. 
capfi8hed by first organizing the ar ray  through adaptive beamforming on the 
aiming point comer re f lec tor .  
adaptively, phase s h i f t s  can be added to each of the wavefront samples to 
shift the focus of the array from ;he comer re f l ec to r  out  to the  target 
range. 
to scan the  a r ray  beam over the t a rge t  region. The last tvo operations re- 
quire  an approximate lplbovledge of the  locations of the a r ray  sample points. 

It is a c ; s d  that this posi t ion determination w i l l  be supplied by a separate 
independent system. 

cise; only the relative posit ions of the  sample points are needed and accu- 

racy on tlre order  of 1 meter is adequate. 
provide th i s  prec is ion  v i t h  ease. 

The col lected t a rge t  wavefront data vill 
RLis w i l l  be ac- 

Once the ar ray  pa t te rn  has been es t ab l i s l sd  

Then sequences of phase shift8 taxi be added to  the wavefront samples 

It can be shova that the posi t ion data need not be pre- 

An inertial navigation system can 

BASIC SIGNAL, PBDcesSINc CONCEPTS 
The adaptive synthet ic  aper ture  system uses the  adaptive beamforming corner 
r e f l ec to r  t o  compensate f o r  the motion induced e f f ec t s  of the helicopter.  

Figure 1 shows the  georetry which exists if a linear random array is focused 

on a near f i e l d  target. I f  the  t a rge t  is illuminated from the  i t h  element, 

x X x x  

FIGURE 1. RANDOM ARRAY GEOMETRY 
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t h  phase of the t a rge t  return a t  that el-t relative to reference element 

second term exhibit. the  quadratic phase var ia t ion  required to focus the  
array on a pcar f i e l d  ~ r g e t .  

'0.0to-e and proce88iq  r equ i r swa t s  f o r  d i g i t a l  computation in the  case 
of the ASAR are much le68 than those of the conventional SA& 
8ource for this reduction is the use of random sampling to th in  the array.  

PINhr sampling is used to eliminate gratiag sidelobes and the  sampled array 
Uiu be thinad to a high degree. 
f l i g h t  path w i l l  be approxhately 1,000; this number of samples implies an 

average s idelobe l e v e l  of approximately -30 dB [2). 
is ass& to be about 3 centimeters, then on the  average, samples w i l l  be 

taken every 20 wavelengths, and the array is thinned below that of a f i l l e d  

array by a factor on the order of 40 to  1. A t  each s a p l e  point, three types 
of information w i l l  be stored, the phase of the  transmitted pulse, the re turn  
fram the corner r d l e c t o r  and the  values from the 20 t a rge t  range bins. 

quadrature components are stored f o r  22 range bins f o r  each of the 1,000 sam- 
p le  points, a maximum of 44,000 words of memory would be required. 

awunt of s torage would pera i t  of€-line processing; however, the  memory re- 
quirements can be reduced s t i l l  fur ther  making real t i m e  processing practical 
f o r  the  ASAR. 

A pripary 

The number of samples taken along the  6OOm 

Thus i f  the  wavelength 

I f  

This 

The required mult ipl icat ion rate fo r  the ASAR would be similar t o  that of the  

conventional SAR i f  it were necessary to  complete the  processing during a 

a w e  interpulse  period; however s ince  the ASAR array is highly thinned, ad- 

d i t b n a l  the  is avai lab le  for  processing. For example, if a helicopter era- 

verse8 a 600m path at 50 m/s w h i l e  co l lec t ing  1000 samples of the t a rge t  

wavefront, the average in te rva l  between samples would be about 12 mili isec- 

on&. 
other processing, but on the average an in te rva l  of about 10 ma is avai lable  

for  processing. 

collected,  the da ta  memory could be reduced t o  2000 words, one fo r  each reso- 

lu t ion  element in the  ta rge t  image (1.00 azimuth cells x 20 range bins). 

A f rac t ion  of this time might be required fo r  sweep integrat ion o r  

I f  the  processing is accomplished while the data are being 

The 
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processing and memory requirememts fo r  the  sampled random array are qui te  

compatible with modern small computer technology; the same can not be sa id  
for the  SAR technique. 

Thus there  are important differences between the conventional SAR and tl: 

ASAR. The conventional synthet ic  aperture approach use8 the  quadratic phase 

his tory a r l a ing  from the  doppler s h i f t  t o  compress the ta rge t  s igna l  i n  az i -  

muthal bsanvidth. 

aal t o  rePDve the  doppler o f f se t  so t ha t  the  t a rge t  and the array can be 

t reated 98 stationary.  Furthewore In the case of t h i s  randomly Sampled ar- 

ray, the rider of samples is kept otpall compared to a usual synthet ic  aper- 
ture array. 
from a corner ref lector .  

tolerance permitted on the  ut er tafnty i n  the posi t ion of the sampling points. 

It w i l l  be shown later tha t  

as much as 20X. 
can t o l e ra t e  r e l a t ive ly  la rge  posit ion errors. 
sharp contrast to  an  SAR approach where it is desired t o  hold phase e r ro r s  to  
less than 1 radian and preferably less than 1/10 radian [ 3 J . 

The ASAR array described herein w i l l  compensate the  sig- 

The ASAR ar ray  w i l l  beamform adaptively on the s igna l  re turn 

The use of t h i s  technique great ly  increases the 

the  uncertainty in sample point posi t ion can be 
The hel icopter  motion need not be  regular,  and the system 

The cha rac t e r i s t i c  is in 

The number of corner r e f l ec to r s  required w i l l  depend upon how rapidly the  

high resolut ion image must be constructed. Figure 2 shows a typica l  airborne 

surveil lance s i tuat ion.  The area of survei l lance is assumed t o  extend over a 
sec tor  120. wide by 30 km i n  depth. 

the accessible  s ide  of the. survei l lance area boundary. 

resolut ion helicopter radar w i l l  be used t o  ident i fy  a small ta rge t  region t o  
be scanned with the high resolution array pattern.  

move from its i n i t i a l  point 0 to  point A t o  p lace  a convenient corner reflec- 

tor ,  re f lec tor  i, in the  v e r t i c a l  plane defined by the  helicopter and the  

center of the ta rge t  region. 

are evenly spaced and that the  helicopter has a reasonable top speed of per- 

haps 50 d e ,  the  number of r e f l ec to r s  required t o  l i m i t  the  maximum time re- 
quired t o  wve the helicopter t o  an imaging point is readi ly  computed s ince 

the greatest  helicopter movement w i l l  be a dis tance equal t o  1/2 the segment 

N corner r e f l ec to r s  will be placed on 
The conveutional low 

The helicopter w i l l  then 

I f  it is assumed that the  N corner r e f l ec to r s  

BC. The length of the  a r c  

60 
N BC = 

segment BC at  the  maximum distance is 

:?* - 125km 
3 " N '  (2) 
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BouMaARY OF 
SUIIVelLLAWL AREW 

FIGURE 2. AIRBORNE R W  ENVIRONMENT 

W N 6  
molt 
FOR ith 

Ihe time required f o r  the he l icopter  to m v e  the maximum required d is tance  on 

the o ther  s i d e  of t he  surve i l lance  area boundary a t  50 m/s is 

1 s  1*25 lo3 seconds 125 
tA 5Om/s N (3) 

"hue if four  corner r e f l e c t o r s  are used, about 5 minutes would be required 
f o r  t he  i n i t i a l  posi t ioning of the he l icopter  i n  the vo r s t  case. 
be noted t h a t  knowledge of the  exact pos t t ion  of the r e f l ec to r  is not  re- 
quired f o r  beamfoming. Thus the use of adapt ive beamforming v i a  a corner 
r e f l e c t o r  need not be a l a rge  disadvantage i f  the required rate of imaging 

is low. 

It should 

The d e t a i l s  of the sys tem w i l l  be developed by considering the simplest case 

where he l icopter  motion is ignored and i t  is assumed t h a t  both the  corner re- 
f l e c t o r  and the t a rge t  are i n  the  f a r  f i e l d  of the  array.  

sec t ion  w i l l  consider the correct ions required to  focus t h e  a r ray  w:w3 the 
t a rge t ' r eg ion  is i n  the near f i e l d  of t h e  array, and the e f f e c t s  of he l i -  

The subsequent 
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copter  motion. 

FAR FIELD SYSTEM 
Figure 2 shows typ ica l  geometry. 

copter  is s t a t iona ry  a t  each of the  sample points ;  conseqJently no doppler 

cor rec t ion  w i l l  be required. 

s i o n  that the  corner r e f l e c t o r  and the t a rge t  region are both located in the  

f a r  f i e l d  of the  array.  

the bas i c  system descr ip t ion  has been devL ,oped.) 

I n i t i a l l y  i t  w i l l  be assumed t h a t  the  he l i -  

It w i l l  a l s o  be assumed f o r  the  i n i t i a l  discus- 

(Both of these r e s t r i c t i o n s  w i l l  be removed a f t e r  

It is assumed t h a t  t h e  he l icopter  w i l i  move from point t o  point  along its 

f l i g h t  path as indica ted  in Figure 3. 

ample, point i, t he  he l i cop te r  w i l l  transmit a number of pulses t h e t  w i l l  il- 

luminate the  corner r e f l e c t o r  and then a t  a later time the  t a r g e t  region. 

A t  each of t he  sample points ,  f o r  ex- 

WEFRONT FROM 

FIGURE 3. PHASE RELATIONSHIPS, FAR FIELD 

The f i r s t  re turn  of interest received by the  radar  set a t  point i w i l l  be a 

re tu rn  from the comer  r e f l ec to r .  This re turn  w i l l  be phase detected aga ins t  

a l o c a l  reference s igna l .  

eured aga ins t  a l o c a l  s t a b l e  reference is 
The re turn from the corner r e f l e c t o r  0 as mea- CRi 

VI-5-7 



8 

'Ibis equ.tioa l a  

which represen- p b . a  d r i f t  vhich right occur in the phase reference qpiust  
vbich lacomlq signals are .assured d u r w  tbe t i r  between the reception of 

t& return f r o m  the corner reflector and tbe detection of  the re turn from the 

targct regiorr. 

gation t h e  between the corner r e f l ec to r  and the target u i l l  result in a max- 

l a m  delay of approriutdy 200 r i c t o ~ e c d .  I f  we d d  that the oscilla- 
tor rtabl l l ty  i n  the recsiver system be such tht m x i m m  pbase error is on 
the order of 10.. then as iadlc8td by (6) the stabllitf required of the re- 
criver u) (the mst critical of the p b u a  de ter r in ing  cogoneats) w i l l  be on 
the order of 1 part In  10 . 

= propyrtba phue for the -get signal pr 
to (4) except tbt (5) also contains a q u t l t y  ec 

For the  gsometry sham in Figure 2, the  difference in prom- 

a 

- 1.38 x -I Af ((1/36) cycle/(200u SeC) 

lo1* ut f 

This is a severe requirement but not beyond the capabi l i ty  of present-day 

brduare .  The s t a b i l i t y  required of the lower frequency portions of the  sys- 

tem, f o r  example IF detection reference sources, w i l l  be subs tan t ia l ly  less 
due to the lower operati- frequency. 

It io apparent from (4) and (5) that i f  the e r ro r  s igna l  8, is small, then 
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In -, three phase q\utit iea uf l l  be 
T h  flr8t i 8  t b  m a t t e r  - pb.c oorrccthm to p e r d t  cabhing successive returns from the target 

regbn, 
fo- io th+ direction of the corner reflector; rod since the position of 
the hellcopter bur been deliberately cbascn to place the corner reflector in 
t k  dlrecthn of the -get r rgbn ,  8 bum c a ~  be fonwd in the direction of 
tbe desked w e  of viw. Iha third set of &u to be recorded w i l l  be re- 
turm from the uaet region. Xtm OUbcT of pleccs of Information to be re- 

cerded rill dcpcrd upom the b i r d  d e r  o€  range bim. 
y.d u typical that the r q p  gate duration vill be approrirrtely 100 
.urnreamdo cotreapondins to 8 tu0-8~ propagation distance of 50 f t ,  

app rox in tdy  20 range bins will be requlred to cover tne target region depth 

of about 3OC rtm. 

at each LIIpfa polmt. 
Ius iofotuth vill p t a i d a  a refer- 

'ik 8ecoad quantity to be m8sured w i l l  be the return f rom the! beu-  

It has been 

Then 

Idhen t b  three 8ets of LPfoNtion have been collected from a l l  of the ~(LI- 

p h  point., i t  vi11 be possible to  beadom and scan over the target regioa 
ass- only that the approxirete locations .of the sampling points a re  kxmm 

The precision required on the  deterdoation of the position of the  sampling 

points is low. Since the scan angle required of the array w i l l  be of 
the order of 5 dltradlans,  the  uncertainty i n  the sample, point positions 
can be high; the 5 m l l l i r a d i ~ n  scan angle implies that scanning can be accom- 

plished even w i t h  an uncertainty in element position, on the order of 20 
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dath [4]. 
0.6 

A 20 m d q t h  reerrt.hw at X a  CO- to .bout 

Positiar d8-w te thi. accuracy C8m be Obuhed f r a  & 

Zlm mut desirable of dL.- or poeltiaa dr- eqdpmants. 

rporsd )2bb.blJ k .O iwrtirl arilp.tlon syst- sinor this rrorld permit self- 
cam- - dthLp tbr Iwlicopter system. 
tbr podti00 decudartiop i. par t icu lar ly  aonrastrictive sipce absolute  prl- 
ms are not required. 

of the saqliog points w i l l  be stored along w i t h  the phase data. The m m t  

of l a o r y  reqoired might be reduced if tie sequcllt ial  a r ray  is aoastructed aa 
tba data are collected. la, there are oaly 2000 reso lu t ion  cells la t k  

It sbould be mted cht 

(RLy the relative posi t ion of  the helicoptsr a t  each 

(loo ulmth calls x 20 range b h ) ,  if the processing can be 

l m  piprlLh faehiop it  uould mt be I W C C S M ~  to store loTc than - mami par maelutiam cell. Ibi. type of opuatiorr uauld involve the fol- 
l a r i m t  @pxariolrrr rt each rrrgh point. 
tractioa of the phue of th transmitted pulse f r a  the tuget returns 
follamd by beamfordng 8s the data are collected by using the corrected cor- 

ner reflector phase. 

mget d u e s ,  Le., a m u  ar ray  of n u b e r s  i den t i f i ed  only by the e l m t  

ndmr 8nd raage gate position would be constnrcted. Open loop scanning 
vould result in a final a r ray  of nmbers iden t i f i ed  by azimuth and range. 

Tbe first s t e p  would require sub- 

This  phase could be  subtracted fmm the corresponding 

Bmw-FIKLD axmmxcm 
Several rddithnal coosiderations arise from s t d y  of the aear-field &el. 
llmm include the necessity f o r  increasing the M d t h  of the  transmitter 

ant- a d  f o r  refocusing the array. 

I s  8 e 8 d  to be about 300 meters on a side.  

the gclvratioa of the a r m y  is approximately 600 peters. 

ceater of a 5 11: transmit antenna beam from the hel icopter  w i l l  sweep over a 
transverse dietance of 600 meteto a t  the  maxhum t a rge t  range, a d  the  ta rge t  

region v i l l  not be uniformly i l l u r ina t ed  for  a l l  posit ions along the f l i g h t  
path. 

der of 4 to 1; a h e a v i d t h  of 20 n i l l i r ad ians  would have cross-section a t  a 
distance of 60 ka of 1200 meters. 
nate the t a rge t  region continuously and uniformly a8 the helicopter moves. 

As shoun i n  Figure 2 the target region 
The f l i g h t  path required f o r  

Consequently the  

It w i l l  be necessary to increase the bearwidth by a fac tor  on the  or- 

This beamidth w i l l  be adequate t o  illumi- 

A focused ar ray  w i l l  be required. The fa r - f ie ld  boundary as given by (7) is 
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locatmi a p p r o r i r t e l y  12,000 

Far Field bo- 

L = array extent = 

kilometers away from t he  a r r a y  [5]. 

,L 
A 

6 2 
- l 2 x l O r  - -  

6o(k, 1 = 3 CB for X-band (7) 

Consequently the target r%gion w i l l  be  i n  the extreme near f i e ld .  Also, tbe 
depth of f i e l d  w i l l  not be g r e a t  enough to achieve simultaneous focus on the 
target region and the  corner r e f l ec to r .  The depth of f i e l d  as given by (8 )  

is approriraLely 525 me' rs a t  a distance of 30 h from the 600 meter a r r a y  

operat ing a t  a 3 centimeter wavelength [a]. 

Depth of f i e l d  = 71 (-) po2,525r L (8 )  

Fo = 30 h, hel icopter  to beacon 
L =m, a r ray  extent 
X = 3 cm wavelesgth 

It w i l l  be necessary to  refocus the  a r r ay  a f t e r  beamforming by adding phase 

cor rec t ions  t o  the  da t a  received a t  t h e  sequent ia l  saapi ing  points.  

HELICOPTER WTION 

The next top ic  t o  be considered i n  t h i s  descr ip t ion  of the high r h d u t i o n  

imaging radar system is t he  e f f e c t  of he l icopter  motion. Fortunately,  the  

corner r e f l ec to r  provides a means of compensating f o r  the  , 

ing from r a d i a l  motion of the he l icopter ,  that is i f  the  transmitted phase is 
compared with t h e  phase re turn  from the  corner r e f l e c t o r ,  a n  ind ica t ion  of 

the  pathlength between the  he l icopter  and the  corner r e f l e c t o r  is obtained. 

Comparing t h i s  length on a pulse-to-pulse bas i s  w i l l  permit generating a his- 

tory of the motion of the hel icopter  i n  the r a d i a l  d i r e c t i o n  with respect t o  

the corner re f lec tor .  

cor rec t  the measured phase of the  returns from the t a r g e t  region. The phase 

s h i f t s  due t o  the  he l icopter ' s  r a d i a l  motion can be predicted i f  the rate of 

mvement is not so l a r g e  t h a t  the  he l icopter  can move an ambiguous number of 
wavelengths during an in te rpulse  period. If w e  assume a pulse  rate of 1 KHz, 
then the motion of the he l icopter  m u s t  be  such that i t  moves less than 1/2 of 

the assumed wavelength of 3 centimeters i n  the in te rpulse  period of 1 m i l l i -  

second. 

;se change aris- 

This measurement of pathlength change can be used to 

This corresponds t o  a maximum r a d i a l  ve loc i ty  on the  order  of 15 me- 
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fer8 per second. 

COXLLSIOH 

& adaptive SAB system has been described which may be used with a helicopter 

radar to provide high resolut ion Imagine over 8 lMted ta rge t  region (e.g., 

appr , Id r r te ly  uwk on a s i d e  at 60 h). 
~1h~Sied by adaptive beamforring on a comer re f l ec to r  I n  the  d i rec t ion  of the 

ta&’,et region. 
r e fb -us ing  a f t e r  beamforring w i l l  be required. 

t , l c t t t U y  by w i n g  the helicopter and sampling a t  random intervals .  

sampling is used to permit  data reduction through ar ray  thinning while pre- 

v e n t a g  grating sidelobes. Approximately 10 sample points w i l l  be recorded 

r l p m  ; a 600 reter f l i g h t  path. 

by a h p t i v e  beamforming and then open loop scanning. 

-- 

Array organization w i l l  be accom- 

Since the comer re f l ec to r  is nearby relative to the target ,  

The a r r ay  w i l l  be formed se- 

Random 

3 

These data w i l l  be used to construct an image 

Since the maximum scan 

w i l l  be about 5 u, the element posit ion uncertainty can be high, e.g., 

20A- This thin. rad- adaptive a r ray  o f f e r s  several  advantages over a con- 

w e n t i U n a 1  SAB approach. F i r s t ,  the aPDunt of s torage required for  realistic 

processing rat& is much lower, (at least 1O: l )  and the  processing rates are 

u:thin the  capabi l i ty  of modern s a l  computer technology. 

eration of a conventional SAR is much more sens i t i ve  to motion uncertaint ies  

01 the  platform, i.e., 1OO:l. These advantages arise because the ASAU array 

i s  highly thinned r e l a t i v e  t o  a f i l l e d  array (40:1), and the  use of adaptive 

beamfordog on 8 .orner r e f l ec to r  permits great ly  increased uncertainty i n  

sarpl in8 point positions. 

Secondly, the op- 
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TtiE SEASAT-A SYNTHIZIC APERTURE RADAR DESIGN AND IMPLEMENTATION 

ROLAMO JORDAN 
.!ET PROPULSI9N LABORATORY 
PASADENA, CALIFORNIA 91103 

The Seasat-A Synthetic Aperture Imaging Radar System is tlie first imaging 
radar system intended to be used as a scientific instrument designed for 

orbital use. 

radar imagery with a 100 kilometer swath vith 25 meter resolution from an 
orbital altitude of 800 kilometers. 
design problems and a description of the implementation will be given. 

end-to-end data system will be described, including interactions of the 

spacecraft, antenna, sensor, telemetry link, recording subsystem, and data 
processor. 

parameters will be listed. The expected error sources le24ing to degradation 

of image quality vi11 be described as well as estimates given of the expected 
performance from data obtained during ground testing of the completed 
subsystems. 

The requirement of the radar system is to generate continuous 

These requirements impose unique system 

The 

Some of the factors leading to the selection of critical system 

1.0 SYSTEM DESCRIPTION 
The design of the Seasat-A Synthetic Aperture Radar System was driven by the 

limitatiom imposed by the satellite system. In particular, the following 

constraints played a significant role in the system configuration determina- 

t ion. 

1. No on-board data storage could be accatmnodated of the unprocessed 
radar signal. 

2. The standard satellite system telemetry could not accommodate the 

large data volume generated by the SAR system. 

3. Telemetry link bandwidth allocation was limited to 20 MHz. 

4. The average raw power from the spacecraft for the SAR was limited to 
500 vdtts. 
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With these factors in mind the system configuration evolved as that shown in 

Figure 1. Atabulationofthe principal system parametersisgiveninTable 1. 

The radar antenna consists of a deployable 10.7 meter long by 2.16 meter wide 
plraar array. 
panels each 1.3 meters by 2.16 areters, these panels are folded into an accor- 
dion configuration. 

from tp.e spacecraft and the elements allowed to deploy into a long planar 
configuration. Subsequent to deployment the antenna cannot be retracted. 

The antenna in its stowed configuration consists of eight 

Upon reaching orbit the antenna structure is folded up 

The .1. ployed antenna is configured to fly with the long dimension along the 

spacecaaft velocity vector. 

from the npdir direction in elevation. 
The antenna boresight is at an angle of ZOO 

The antenna dimensions are dictated by the desire to limit range and 

azimuth ambiguities to acceptably low levels. At a nominal 20° look 

angle from nadir in order to illuminate 100 kilometers swath on the 
Earth's surface from an 800 kilometer high orbit, a total beamwidth 

elevation of 6.2O is required. 

2.16 meters in order to limit the radiatio3 to these sets of angles. 

Thus the antenna cross track dimension is 

The antenna elements in elevation are weighted in illumination to limit 

s i d e  lobes in the cross track direction. The resulting area illuminated 
on the surface of the Earth is from 240 to 340 kilometers to the right of 

the sub-satellites point. The arrival of radar echos from near and far 

range prevents the radar transmitter pulses from being too close together 
in order to prevent overlapping the returns, from near and far range, of 

subsequent pulses. Thus, the pulse repetition rate is limited to a 

maximum level by the antenna cross track dimensions. 

The antenna along track dimensions is limited on the low end by a desire 
to keep azimuth sample ambiguities at an acceptably low level. In order 
to avoid sampling ambiguities of the radar data the antenna azimuth 

beamwidth must be kept small enough so that the set of azimuth frequencies 

donot exceed the sampling rate. However, if the azimuth beamwidth is 

kept too small it is not possible to generate the svntheticaperture 

large enough to attain tho desired resolution for the f o u r  independent 
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TABLE 1 

SEASAT-A SAR SYSTEM CEARAClXRISTICS 

Satellite altitude 
Wavelength 
RF bandwidth 
Transmit pulse length 
Pulse repetition rate 

Time-bandwidth product 
Radar transmitter peak power 

Telemetry transmitter power 

Telemetry frequency 
Radar transmitter average power 
Sensicivity time control range 
Data recorder bit rate 
Data recording pass duration 
Radar DC power 
Radar antenna dimensions 
Radar antenna gain 
Telemetry antenna 
Telemetry antenna gain 

800 km 
0.23% 
19 mz 
33.4 psec 
1463 to 1640 pps 
634 
1ooow 
1OW 
2265 MHz 
55w 
9 dB 
110 megabits/sec 
10 min 
500W 
11 by 2.3m 
35 dB 

Quadrufilar Helix 
4 dB 

looks. 
to be between 10.5 and 14 meters in length. 
was dictated by the available volume within the spacecraft shroud. 

These two requirements limit the antenna length along velocity vector 
The antenna length of 10.74 meters 
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D A T A  L I N K  
TRANSMITTER 
AND ENCODER 

RADAR 
SENSOR 

1-- 

I 
1 I 

T- 

Figure 1. SEASAT-A SAR Bystem Configuration Diagram. 
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The sensor electronics derives its signal froan a surface acoustic wave line 
which generates a linear FH chirp signal wfth a bandwidth of 19 MHz and a 
duration of 33.4 Picro~econds. 
carrier frequency amplified to a power level of 1000 watts peak and trans- 
mitted to the ground. 
to an S-band carrier frequency for telehctering the data to the ground. 

The signal is up converted to the L-band 

Upon reception the echo is amplified and up converted 

Prior to the data transmission a sample of the stable local oscillator is 
encoded into the S-band spectrum along with a dispersed version of the 
pulse repetition frequency event. 
is as shown in Figure 2. 

The resultant spectrum of the data link 

- + 1 4 d b  

c ILOT crmca 
TOTAL POWR *I4 dLn t 

ORIGINAL PAGE IS 
OFFOOBqdfALlTv 

Figure 2. Composite SAR Data Link S Band Transmitted Spectrum 

The signal at this point has an analog form with a carrier at the S-band 
telemetry carrier spectrum. 
ground via a 5 watt Solid state transmitter and a omni directional antenna. 
On the ground the data is received using a 9 meter dish of the STDN network, 
Upon reception of the composite spectrum by the STDN multifunctional receiver 

The telemetry signal is transmitted to the 



and parametric amplif ier  the s t a b l e  local  o s c i l a t o r  p i l o t  tone enables 

phase-lock tracking of the  s igna l  spectrum and a 45.5 MHz signal is derived 

from t h i s  p i l o t  carrier. 
11 Miz signal f o r  performing the  synchronous demodulation operation on the  

catire carrier. The s igna l  is a l s o  passed t o  the  c ross  co r re l a t ion  device 

which provides the retreval of the  PRF pulse t o  a high l e v e l  of time accuracy 

required f o r  recons t i tu t ing  the  s igna l  on the spacecraf t .  

of the  da t a  l i n k  the  s igna l s  are as follows: 

This s igna l  is then u t i l i z e d  to  generate a separa te  

Last, a t  the  output 

1. A range o f f s e t  video with a frequency spectrum of approximately 

2 t o  21 Mliz. 

2. A PRF pulse  which is  coincident with the  PRF pulse  on the spacecraf t  

except f o r  the  one way delay of the  spacecraf t  to  ground s t a t ion .  

3. A clock s igna l  which is derived from the spacecraf t  s t ab le  local. 

o s c i l l a t o r .  

These s igna l s  are ttren passed on t o  a recording subsystem a t  the  STDN network. 

The recording subsystem cons i s t s  of a analog t o  d i g i t a l  converter which is 

control led by the  clock derived from the  spacecraf t  s t a b l e  l o c a l  o s c i l l a t o r  t o  

an accuracy of 5 b i t s  per word. The da ta  is  next s tored i n  a high speed 

buffer  f o r  subsequent recording i n  a high densi ty  d i g i t a l  t a p e  recorder. 

A t o t a l  of 302 microseconds of da ta  is recorded which corresponds t o  a 104 

kilometer swath width operation a t  the  maximum p u l s e  r epe t i t i on  r a t e  of 1645 

pulses per second. 

tape recorder is approximately 107 Megabits p e r  second. 

has the capabi l i ty  t o  record a maximum of 15 minutes of data  which corresponds 

t o  one s t a t i o n  pass. The high density d i g i t a l  tape is  then used a t  the ground 

da ta  processor t o  convert the  radar video s igna l s  i n  d i g i t a l  form t o  a radar 

image. 

The r e su l t i ng  data  r a t e  i n t o  the high densi ty  d i g i t a l  

The data  recorder 

The function of the  da t a  processor is t o  convert the radar video s igna l s  

s tored i n  the high-density d i g i t a l  t a p e  format i n t o  the radar image i n  a 

format equivalent t o  a map coordinate system. 

radar s i g r a l  i n t o  a radar image from the orb i t ing  spacec;aft t o  the Earth i s  

a s ign i f i can t  one. One must take i n t o  account the e f f ec t  of the Earth 

ro t a t ing  beneath a s a t e l l i t e  which is  s ta t ionary  with respect t o  i n e r t i a l  

space. As the spacecraf t  o r b i t s  the Earth, the antpnnc w i l l ,  i n  prac t ice ,  

The task of converting the 
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not point in a direction exactly normal to the velocity vector of the 
spacecraft in inertial space or normal to the velocity of the spacecra'.t 

relative to the pointa being imaged. 

a synthetic aperture which has a 15 km nominal length, any one point in the 
area that is being imaged will undergo an effect termed range migration. 

Consequently, during the generation of 

This effect causes a point on the surface to efther approach or recede from 
the spacecraft by as many as 70 resolution elements. 
range migration tnat any one point will undergo is a function of the range of 
that point to the spacecraft, as well as the direction that the antenna is 

pointing in respect to the true zero doppler direction from the spacecraft. 

The exact amount of 

In practice the knowledge of the location of the antenna b4Le sight is not 
good enough to compute the range migration characteristi-s of E 

bOOO resolution elements in the cross track directions that arc 

Thus, spectrum analysis of the radar signal must first be accomp..,sut-d in 
order to determine the range migration characteristics. Once the range 

migration characteristics are known and compensated for, then both the ranr,e 
and azimuth compression operations can take place. 

e of che 

r imaged. 

The processing of the Synthetic Aperture Radar Data for Seasat A will be done 
in an opticalcorrelator. The information from the high-density digital tape 

format is first converted into a two-dimensional photographic signal film as 
shown in Figure 3. This signal film is then illuminated with D coherent beam 

of light. 

plished by observing the light intensity after the transmitted light beam 

goes through a spherical lens. 

which deflect the light beams in proportion to the azimuth spatial frequency 

and thus perform a range migration correction. 
accomplished by passing the light through another spherical lens. 

A two-dimensional transform of the signal film is then accom- 

The light then pas'3es through a set of lenses 

The int=rse transform is then 

QRIGINAL PAGE IS 
AZlMUW DISTANCE OF POOR QU- 

SLANT RANGE [ = > : I  
t 1 

Fig. 3 .  Signal Film Showing Point Target Phase History 
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A set gf cy l ind r i ca l  l enses  then allow the  l i g h t  conversion from t a r g e t s  of 
a l l  ranges to come! i n t o  focus at the  output plane. 

An examlnation of the  c h a r a c t e r i s t i c s  of t he  radar  parameters y ie lds  t h a t  the  

reso lu t ion  equal t o  approximately 4 times bzcter  than the  25 meter resolut ion 

required is pors ib le  along-track or that the  synthe t ic  aper ture  length 

required t o  obta in  the  25 meter resolut ion is 1 / 4  of t h a t  length t h a t  the  

real aper ture  antenna i l luminates  the  grodnd. It is thers fore ,  possible  t a  

generate a t o t a l  of 4 separa te  radar  images of t he  surface and consequently 

the  concept of mult iple  looks becomes possible  when t ry ing  t o  image the  sur- 

face  of t h e  Earth a t  the  25 meter r e s o l u t u n  with the  antenna selected.  

A radar  image, because i t  is generated by observing che surface with a mono- 

cttromatic source of l i Q h t  has a speckly nature  t o  i t .  This s$eckle gives  an 

i n a b i l i t y  for t' P- data  user t o  accurately estimate the s t rength  of the return.  

In  order t o  give a b e t t e r  estimate of the re turn  from each individual  resolv- 

ab le  element, the  image is observed a number of times and the resul ts  of e?ch of 

these measurements is averaged. Thus, the standard deviat ion oi the measurement 

is reduced. The r e s u l t  t o  the  radar image is tha t  a s  the number of indepen- 

dent looks is increased, the  textt'i'e of the radar image becomes a smooth one 

or  a more pleasing one t o  the  eye. 

The SEASAT SAR is  capable of processing da ta  up t o  a maximum of 4 independent 

looks, Consequently the radar data  processor must be capable of processing the 

da ta  4 t i n e s ,  generating 4 separate  images and r eg i s t e r ing  the images t c  a 

su f f i c i en t  accuracy so t h a t  the r e su l t an t  image has i i  low standard deviat ion 

f o r  a uniform t a rge t  f i e l d  and not have a loss of resolut ion w e  to  misreg- 

i s t r a t i o n .  

2.0 SPACECRAFT PECULIAR SOURCES OF ERROR - 

Operations of the synthe t ic  aper ture  r a d t r  i n  o r b i t  gives r i s e  t o  some e r ro r s  

o r  p e c u l i a r i t i e s  tna t  are not found in conventional a i r c r a f t  borne synthe t ic  

aper ture  radars .  

Earth r o t a t e s  beneath the sensor, r e s u l t s  i n  a geometry t h a t  i s  pecul iar  t o  

Lmaging radars .  F i r s t  the e f f e c t s  of imaging from an orb i t ing  platform w i l l  

be described and then the e f f e c t s  of ' ?aging from an orb i t ing  platfnrm discussed. 

A spacecraf t ,  because i t  operates i..i i n e r t i a l  srace and the 
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If t h e  Earth were not rotating and the at-tenna was pointed exactly normal to 
the spacecraft velocity vector the return spectrum wuld be the spettaum of 

the transmitted waveform convolved with the effects of the pulse repetition 

frequency and effects of the antenna along track beawidth. 

the doppler spectrum would be along zero doppler. 

ing error is introduced or the Earth cotntes,  the spectrw uould no longer be 

centered above zero doppler but uould shift to some other frequency deter- 

mined by the doppler effect. 

upon the knowledge of the dopplar spectrum, the direction in which the anlenna 

ie pointed must be known to within an angle: 

The centroid of 

If either an antenna polnt- 

Since range migration correction is dependent 

where A@ is the antenna ,dnting angle uncertainty, 4 in the radar wavelength 

and V is the velocity of the spacecraft. 

To define the ambiguiry a priori, the implication for SEASAT is that at some 

point the antenna angle must be knavn to within 0.65O in order to be able to 

correctly process the data. If nut, the images will be blurred as the data 

will be processed about an ambiguity. 

reference to Inertial space. and the earth rotates beneath the sensor orbit, 

the effect of th 

kppler spectnun, and consequently, che range of the target migrates in the 

signal domain. In the absense of any antema pointing errors if the target 
latitude is known,it is easy to correct for the azimuth shift caused by the 

earth's rotation because the earth's rotation is very well known. 

Since the spacecraft operates with 

earth's rotation crosses a predictable shift in the azimuth 

Imperfect spacecraft attitude control also effects the data because cf changes 

in the ground area, which is illuminated hy the antenna. The effects of the 

doppler spectrum by yaw pitch and roll error is shown in Figure 4. Since there 

there is a one to one relationship between the doppler frequency and range 

migration once Lhe doppler spectrum is known, the range migration correction 

can be completed exactly. The quadrangled bracket by (b) represents the doFpler 

frequency versus ground range spectriim in the absence of any errors for an 

equatorial crossing. In this casc. the doypler sp,.ctrurn is not centered around 

the zero doppler because of the earth's rotation. The doppler frequency band- 

width occurs hetwf--n-650Hz an- - 8 0 0 ~ ~  for the near range targets. In far 
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range, the frequency will go from -1100 Ht to -2000 Hz. In presence of a yaw 
error of +0.5O the spectrum will shift up to (a). 
are neaative, the doppler frequencies vi11 increase in the negative direction 

as shown by (c). 
antenna is yawing, pitching, or rol ing. There is a skew because the antenna 

ground pattern is pointed normal to the spacecraft velocity while the is0 

doppler lines are oriented perpendicular to the relative velocity composed of 

the spacecraft velocity and the earth's rotation. 

centroid versus latitude is shown in Figure 5. 

If the yaw and pitch errors 

The main effect is that the spectrum is shifting when the 

The predicted doppler 

The Lites bracketed indicate 

N 
I 

0-  

-200 - 
400- y = a . 5  

p = M.5 

-800- 

-1m - 
-1200 - 
-1400 - 
-1600 - 
-1m - *  

-2Ooo - 
-2200 - 

y = w.5 
-2400 p = w.5 - 
-2600 - 
-2800 - 

240 290 340 
GROUND RANGE, km 

y a YAW ANGLE 
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LATITUDE = 0' 

TH 

Figure 4 .  Effect of P i t c h  and Yaw Errors on Doppler Spectrum. 
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the center of the spectrum in the absence of any spacecraft added to the 
errore. 
the equator, the effect of the earth's rotation gets smaller and smaller until 
the spacecraft reaches 72* north latitude. 

at the top of the orbit and the earth's rotation is exactly parallel to the 

flight path. Consequently, there is no doppler centroid shift at this point 

again in absence of any pointing errors. 

As the latitude i.icteases when the spacecraft travck -*th from 

At that point, the spacecraft is 

y = a . 5 ,  p = N.5 
72' 

70° "1 

- 
I J O J  

290 340 
GROUND RANGE, krn 

Figure 5. Predicted Doppler Centroid Versus Latitude. 
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3.0 mSCTQ RAMR P- 
The 6ynthetic aperture radar 6 y 8 t a  gives a p l c t o r l a l  represenLrtioa of the  
radar brckmcattu of t h e  Earth surface in a rapl2ke representation. 

backscatter is defined as the  r a t i o  of ref lected pover per u n i t  ares to  tha t  

which is lncident on the terrain that is being illuminated. 

the radar s y s t a  to  give an adequate representation of t he  radas backscatter 

vill be l i r i t e d  on the  lower end by the  s e n s i t i v i t y  of the  radar system snd 

om the upper cod by the dpamic range of the carpoclents c a p r i s i n g  the  radar 

s y s t a .  Furthermore, the s e o s i t i v i t y  of the radar system w i l l  depend on the  

location of the area beam urp  with respect to the  assigned swath width of t he  

zadar s y s t a .  Thc predairrant  elaent which determines the  radar s ens i t i v i ty  

aa a fumztioa of the swath is t he  radar antenna. The radar antenna has a gain 

which will have a peak value at boresight, and as the  angle changes from bore- 

sight ,  t he  ant- gain w i l l  drop with angle, and consequently the  a b i l i t y  of 
the  radar s p s t a  to image the  Earth's surface w i l l  vary with angular posit ion.  

The radar 

The  a b i l i t y  of 

The S e a s a t d  SAR system design is based on measuring the  sea backscatter 

which bas a d e l  as shown in Figure 6 . This m o d e l  is based on measurements 

taken with the  JPL L-Band imagine radar as well as numerous other i rvest iga-  

ti-. 

becaes rougher, hlgher values of radar backscatter are to  be expected and as 

the sea becomes smother ,  lower values in radar backscatter w i l l  be observed. 

This model is based on average s m  conditions and as the  sea state 

The overall radar s p s t a  designed allows nominal operation with a surface 

whose backscatter model follows t h i s  curve aloag the  n m i n a l  gain of the  over- 

a l l  radar system. 

which are extended in nature. 

average backscatter d i f f e r s  substant ia l ly  from the  expected model, they w i l l  

be imaged properly if the  extent of t h i s  specular target  is s igni f icant ly  

amaller than 15 by 15 lan i n  dimension. 

dynamic range of the system is that the  radar signal which is transmitted is 

dispersed i n  time and a l s o  In azimuth because of the  changing doppler f re-  

quency of each of the  targets .  

m e n t  which can be expected is a function of t h i s  dispersion and for  the  

SEASAT-A SAR can reach values as high as 50 dB. 

This radar s ens i t i v i ty  curve is applicable f o r  t a rge t s  

I f  on the surface there  are ta rge t  areas whose 

The reason fo r  t h i s  increase is 

The extent of the  dynamic range and improve- 
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Ia order t o  c a p c n s a t e  f o r  the expected varying signal strength due t o  e f fec t8  

of the ant- patterm, the radar system hworporates a sensit iwity tire cont ro l  
-,an a t t c r p t  t o  maintain a constant s e n s i t i v i t y  to a radar backscatter. 

ie possible because the re turns  from d i f f e ren t  angles a r r i v e  at d i f f e ren t  
intervals of the. 

fs tbt the  radar noise b e c a e s  tine varylng, and consequently the  dynamic 
range that the  overall radar system w i l l  have w i l l  again change with angular 

precision o r  math tiat i s  being faased. 
because the  radar backscatter is high, then the radar system will exhibit  

saturation, and consequently the dynamic range or t h e  a b i l i t y  of t he  radar 
system to image over varying values of radar backscatter will be lhited. 

This 

The p r i c e  paid for t h i s  tire dependent radar sens i t i v i ty  

I f  t h e  radar returns are too strong, 

I n  the  SEASAT-A synthetic aperture radar system, the  predominant element which 

e r h i b i t s  saturation is the  analog data link. 
s i t i v i t y  €or regions tha t  correspond t o  the  begianing and d of the radar 

swath, the  radar s y s t a  o r  radar receiver noise is predominanr. A t  the  center 

of the swath where the sens i t i v i ty  time control puts a minimum gain, then t h e  

data l i n k  equivalent noise predominates. 

that are beyond the Instantaneous dynamrc range of the radar system, t h e  radar 

receiver incorporates a variable gain control system to  accommodate vary- 

values of radar backscatter. 

l i n k  is dependent on the  gaLa state of the  radar receiver, the overa l l  system 

On the  lower end t h e  radar sen- 

I n  order t o  accommodate radar signals 

Since the  radar system noise a s  seen by the data 

VI-6-1 3 



a e m l t l v l t y  to measure r4d.r backscatter becaem dependent on t h e  rece iver  

gain .tat.. 

Por the  na-1 gain, the performance of t h e  SEASAT-A SAR systen is as shorn 
in Figure 7. The upper f u m e  represents  the values  of radar  backscatter 

which would d r i v e  the overall radar  s y s t a  to  sa tura t ion .  

f igure,  t h i s  curve v a r i e s  with position that is be- imaged. As seen from 

the  curve, for the beginning and end of t h e  radar swath, t h e  values  of radar 

back 

radar backscat ter  is very high. 

the rinimm values  of radar backscatter, which would appear to  have a level 
that is representa t ive  of t he  overall system noise.  

has a hlgher value a t  the beginning and end of t h e  area being imaged. 

As seen f r o p  t h i s  

-ter which w i l l  d r i v e  t h e  system to  sa tu ra t ion  represent t a r g e t s  where 

The lover curve represents  the  threshold f o r  

Again, t he  m e  curve 

With the radar receiver  a low gain s t a t e ,  as shown i n  Figure 8 i t  can 

be seer: t h a t  the overa l l  dynamic range of the  system is q u i t e  high. How- 

ever, t he  values of radar  backscat ter  t h a t  r e s u l t  in a noma1 radar image 

correspond tu  sur faces  having a high radar  backscatter or r e f l e c t l v i t y .  

area w i l l  correspond p r i s a r i l p  ta strong r e f l ec to r s ,  such as areas which hre 

mountainous or forested.  I f  the  radar systen ga ln  is incree.sed, t he  radar 

sensLtlvi ty  curve is as shown i n  Figure 9 . I n  t h t s  case, it  w i l l  be noted 

that the  system dynamic range is qu i t e  l imited s ince  t h e  radar galn I s  such 

that the  radar  noise  is approaching the l e v e l  required t o  s a t u r a t e  the  da ta  

l ink .  However, i n  the  case, areas of radar  backscat ter  which are qu i t e  weak 

w i l l  be detectable ,  and these areas are representa t ive  of r a the r  qu ie t  ocean 

wave conditions.  

Ti:is  

I n  summary, the  performance of the  SEASAT-A SAR system shoiild allow adequate 

imaging of ocean surfaces  from o r b i t a l  a l t i t u d e s  and in time may prove t o  be 

a s ign i f i can t  remote sensing instrument c.,pable of measuring ocean swell 

wavelength and d i r ec t ion  from o r b i t  around the Earth. 
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